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Electrical Machines 


Electrical machines convert energy existing in one form to another, usable, form. These machines 
can broadly be divided into three categories: generators, motors and transformers. Generators convert 
mechanical energy into electrical energy, motors convert electrical energy to mechanical energy, 
and transformers change the voltage level in ac system and are considered to be the backbone of a 
power system. 

Electrical machines play an important role in domestic appliances, commercial devices and 
industrial applications. It is important for students of electrical and electronics engineering to learn 
the basic concepts of transformers, motors, generators and magnetic circuits. This book explains 
the design of transformers, decoding of generators and performance of electrical motors through 
descriptive illustrations, solved examples and mathematical derivations. Construction, working 
principles and applications of various electrical machines are discussed in detail. In addition, it offers 
an engrossing discussion on special purpose machines, which is useful from an industrial prospective 
in building customised machines. The text contains hundreds of worked examples and illustrations 
and more than a thousand self-assessment exercises. It is an ideal textbook for undergraduate students 
of electrical and electronics engineering. 
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This book on ‘Electrical Machines’ has been written for under-graduate students of Electrical 
Engineering (EE) and Electrical & Electronics Engineering (EEE) belonging to various Indian and 
Eoreign Universities. It will also be useful to candidates appearing for AMIE, lETE, GATE, UPSC 
Engineering Services and Civil Services Entrance Examinations. 

We know that electrical energy has a wide range of applications where electrical machines play 
a vital role in industrial production and many other areas of science and technology. Accordingly, 
this book has been designed so that it be useful not only to students pursuing courses in electrical 
engineering but also for practising engineers and technicians. 

‘Electrical Machines’ is taught at various universities under different titles such as Electrical 
Machines-I, Electrical Machines-II, DC Machines and Transformers, Electromagnetic Energy 
Conversion Devices, Special Purpose Machines, etc. All the topics in such courses have been covered 
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despite the availability of a large number of text books in this field. Keeping this fact in mind, this 
text has been developed in a systematic manner giving more emphasis on basic concepts. 

Each chapter of the book contains much needed text, supported by neat and self-explanatory 
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in examination without any difficulty. Section Practice Problems have been added in all the chapters 
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questions, short-answer questions, test questions and unsolved examples have been added to make 
the book a complete and comprehensive unit in all respects. 

The author lays no claim to original research in preparing the text. Materials available in the 
research work of eminent authors have been used liberally. But the author claims that he has organised 
the subject matter in very systematic manner. He also claims that the language of the text is lucid, 
direct and easy to understand. 

Although every care has been taken to eliminate errors, however it is very difficult to claim 
perfection. I hope this book will be useful to its users (students, teachers and professionals). I shall be 
very grateful to the readers (students and teachers) and users of this book if they point out any mistake 
that might have crept in. Suggestions for the improvement of the book will be highly appreciated. 
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CHAPTER 


Electro Magnetic Circuits 


Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

,/ What is magnetic field and its significance? 

V What is a magnetic circuit? 

V What are the important terms related to magnetism and magnetic circuits? 

^ What are the similarities and dissimilarities between magnetic and electric circuits? 

^ How series and parallel magnetic circuits are treated? 

^ What is leakage flux and how it affects magnetic circuits? 

^ What is magnetic hysteresis and hysteresis loss? 

^ What is electromagnetic induction phenomenon? 

^ What are Faraday’s laws ot electromagnetic induction? 

V What are self- and mutual inductances and what is their significance? 

V What is the effective value ot inductances when these are connected in series-parallel combination? 
^ What are electromechanical energy conversion devices? 

,/ How does torque develop by the alignment ot two fields? 

V What are the factors on which torque depends? 

V How to determine the direction ot torque or induced emt in rotating machines? 


Introduction 

It is always advantageous to utilise electrical energy since it is cheaper, can be easily transmitted, 
easy to control and more efficient. The electrical energy is generally generated from natural resources 
such as water, coal, diesel, wind, atomic energy, etc. From these sources, first mechanical energy is 
produced by one way or the other and then that mechanical energy is converted into electrical energy 
by suitable machines. For the utilisation of electrical energy, it is again converted into other forms 
of energy such as mechanical, heat, light etc. It is a well-known fact that the electric drives have 
been universally adopted by the industry due to their inherent advantages. The energy conversion 
devices are always required at both ends of a typical electrical system. The devices or machines 
which convert mechanical energy into electrical energy and vice-versa are called electro-mechanical 
energy conversion devices. 
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The operation of all the electrical machines such as DC machines, transformers, synchronous 
machines, induction motors, etc., rely upon their magnetic circuits. The closed path followed by the 
magnetic lines of force is called a magnetic circuit. The operation of all the electrical devices (e.g., 
transformers, generators, motors, etc.) depends upon the magnetism produced by their magnetic 
circuits. Therefore, to obtain the required characteristics of these devices, their magnetic circuits 
have to be designed carefully. 

In this chapter, we shall focus our attention on the basic fundamentals of magnetic circuits and 
their applications as electromechanical energy conversion devices. 


1.1 Magnetic Field and its Significance 

The region around a magnet where its poles exhibit a force of attraction or repulsion is called 

magnetic field. 

The existence of the magnetic field at a point around the magnet can also be determined by placing 
a magnetic needle at that point as shown in Fig. 1.1. Although magnetic lines of force have no real 
existence and are purely imaginary, yet their concept is very useful to understand various magnetic 
effects. It is assumed (because of their effects) that the magnetic lines of force possess the following 
important properties: 

(i) The direction of magnetic lines of force is from N-pole to the S-pole outside the magnet. But 
inside the magnet their direction is from S-pole to N-pole. 

(ii) They form a closed loop. 

{Hi) Their tendency is to follow the least reluctance path. 

(iv) They act like stretched cords, always trying to shorten themselves. 

(v) They never intersect each other. 

(vi) They repel each other when they are parallel and are in the same direction. 

{yii) They remain unaffected by non-magnetic materials. 



Fig. 1.1 Magnetic field around a bar magnet 
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1.2 Magnetic Circuit and its Analysis 


The closed path followed by magnetic flux is called a magnetic circuit. 

A magnetic circuit usually consists of magnetic materials having high permeability (e.g., iron, 
soft steel, etc.). In this circuit, magnetic flux starts from a point and finishes at the same point after 
completing its path. 

Figure 1.2 shows a solenoid having N turns wound on an iron 
core (ring). When current I ampere is passed through the solenoid, 
magnetic flux f Wb is set-up in the core. 

Let I = mean length of magnetic circuit in m; 
a = area of cross-section of core in mf 
p = relative permeability of core material. 


Flux density in the core material, B = — Wb/m^ 

a 



Magnetising force in the core material. 

B (f 


Fig. 1.2 Magnetic circuit 


H-. 


AT/m 


Bo Br ^ Bo Br 

According to work law, the work done in moving a unit pole once round the magnetic circuit (or 
path) is equal to the ampere-turns enclosed by the magnetic circuit. 

NI 


i.e., HI = NI 


Xl = Nl 


<!> = 


^BoBr ‘ {llaBoBr) 

The above expression reveals that the amount of flux set-up in the core is 


Wb 


(0 directly proportional to N and I i.e., NI, called magnetomotive force (mmf). It shows that the 
flux increases if either of the two increases and vice-versa. 

(ii) inversely proportional to Ua p^ called reluctance of the magnetic path. In fact, reluctance is 
the opposition offered to the magnetic flux by the magnetic path. The lower is the reluctance, 
the higher will be the flux and vice-versa. 


Thus, 


Flux = 


m.m.f 

reluctance 


It may be noted that the above expression has a strong resemblance to Ohm’s law for electric 
current (/ = emf/resistance). The mmf is analogous to emf in electric circuit, reluctance is analogous 
to resistance and flux is analogous to current. Because of this similarity, the above expression is 
sometimes referred to as Ohm’s law of magnetic circuits. 


1.3 Important Terms 

While studying magnetic circuits, generally, we come across the following terms: 

1. Magnetic field: The region around a magnet where its poles exhibit a force of attraction or 
repulsion is called magnetic field. 
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2. Magnetic flux (^: The amount of magnetic lines of force set-up in a magnetic circuit is called 
magnetic flux. Its unit is weber (Wb). It is analogous to electric current I in electric circuit. 

3. The magnetic flux density at a point is the flux per unit area at right angles to the flux at that 
point. 

It is, generally, represented by letter ‘B’. Its unit is Wb/m^ or Tesla, i.e., 

B = Wb / m^ or T (1 Wb/m^ = I x 10^ Wb/cm^) 

J\. 

4. Permeability: The ability of a material to conduct magnetic lines of force through it is called 
the permeability of that material. 

It is generally represented by p {mu, a Greek letter). The greater the permeability of a material, 
the greater is its conductivity for the magnetic lines of force and vice-versa. The permeability 
of air or vacuum is the poorest and is represented as (where p^^ = 47ix 10“^ H/m). 

Relative permeability: The absolute (or actual) permeability ^ of a magnetic material is much 
greater than absolute permeability of air p^. The relative permeability of a magnetic material 
is given in comparison with air or vacuum. 

Hence, the ratio of the permeability of material p to the permeability of air or vacuum p^ is 
called the relative permeability p^ of the material. 

p 

l.e., l^r= IT O’" d=PoPr 

Bo 


Obviously, the relative permeability of air would be p^lp^ = 1. The value of relative permeability 
of all the non-magnetic materials is also 1. However, its value is as high as 8000 for soft iron, 
whereas, its value for mumetal (iron 22% and nickel 78%) is as high as 1,20,000. 

5. Magnetic field intensity: The force acting on a unit north pole (1 Wb) when placed at a point 
in the magnetic field is called the magnetic intensity of the field at that point. It is denoted by H. 
In magnetic circuits, it is defined as mmf per unit length of the magnetic path. It is denoted by 
H, mathematically. 


H = 


_ m.m.f _ 

length of magnetic path 


^AT/m 


6. Magnetomotive force (mmf): The magnetic pressure which sets-up or tends to set-up magnetic 
flux in a magnetic circuit is called magnetomotive force. As per work law it may be defined as 
under: 

The work done in moving a unit magnetic pole (1 Wb) once round the magnetic circuit is called 
magnetomotive force. In general 

mmf = NI ampere-turns (or AT) 

It is analogous to emf'm an electric circuit. 

7. Reluctance (S): The opposition offered to the magnetic flux by a magnetic circuit is called its 
reluctance. 

It depends upon length (/), area of cross-section (a) and permeability (p = p^ of the material 
that makes up the magnetic circuit. It is measured in AT/Wb. 
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Reluctance, S = - 

a /Iq Mr 

It is analogous to resistance in an electric circuit. 

8. Permeance: It is a measure of the ease with which flux can be set-up in the material. It is just 
reciprocal of reluctance of the material and is measured in WblAT or henry. 

Permeance = —^ ^ Wb/AT or H 
reluctance / 

It is analogous to conductance in an electric circuit. 

9. Reluctivity: It is specific reluctance and analogous to resistivity in electric circuit. 


1.4 Comparison between Magnetic and Electric Circuits 


Although magnetic and electric circuits have many points of similarity but still they are not analogous 
in all respects. A comparison of the two circuits is given below: 


Magnetic Circuits 


Etectricat Circuits 



I R -p a 

->—vvwwv- 




Fig. 1.3 Magnetic circuit 


Fig. 1.4 Eiectric circuit 


Simitarities 


1. The ciosed path for magnetic fiux is caiied 
magnetic circuit. 

2. Fiux = mmf/reiuctance 

3. Fiux, (j)\n Wb 

4. mmf in AT 


5. Reiuctance, S = — = —-— 

an ano Hr 

6. Permeance = 1/reiuctance 

7. Permeabiiity, p 

8. Reiuctivity 

9. Fiux density, B= ^ Wb/m^ 

10. Magnetic intensity,//= W/// 


AT/Wb 


1. The ciosed path for eiectric current is caiied 
eiectric circuit. 

2. Current = emf/resistance 

3. Current,/in ampere 

4. emf in V 

5. Resistance, R= p-Q or — - Q 

^ a a a 

6. Conductance = 1/resistance 

7. Conductivity, C7= 1/p 

8. Resistivity 

/ 9 

9. Current density, ^ A/m 

10. Fiectric intensity, f = l//rf 
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Dissimilarities 


1. In fact, the magnetic flux does not flow but it sets- 
up in the magnetic circuit (basically molecular 
poles are aligned). 

2. For magnetic flux, there is no perfect insulator. It 
can be set-up even in the non-magnetic materials 
like air, rubber, glass etc. with reasonable mmf 

3. The reluctance (S) of a magnetic circuit is not 
constant rather it varies with the value of B. It 
is because the value of p^ changes considerably 
with the change in B. 

4. Once the magnetic flux is set-up in a magnetic 
circuit, no energy is expanded. However, a small 
amount of energy is required at the start to create 
flux in the circuit. 


1. The electric current (electrons) actually flows in 
an electric circuit. 

2. For electric current, there are large number of 
perfect insulators like glass, air, rubber, etc., 
which do notallow it to follow through them under 
normal conditions. 

3. The resistance (/?) of an electric circuit is almost 
constant as its value depends upon the value of 
p which is almost constant. However, the value of 
pand flmay vary slightly if temperature changes. 

4. Energy is expanded continuously, so long as the 
current flows through an electric circuit. This 
energy is dissipated in the form of heat. 


1.5 Ampere-turns Calculations 

In a magnetic circuit, flux produced, 

, _ m.m.f. _ NI 
reluctance UajXQjX^ 

or AT required, NI = ——— = ^ I = HI 

ailQiir 


1.6 Series Magnetic Circuits 

A magnetic circuit that has a number of parts of different dimensions and materials carrying the 
same magnetic field is called a series magnetic circuit. Such as series magnetic circuit (composite 
circuit) is shown in Fig. 1.5. 



Fig. 1.5 Series magnetic circuit 
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Total reluctance of the magnetic circuit, 


tSi + ^'2 + 


lo 


k 


L 


Mo Mrl ‘^2 Mo Mf2 ^3 Mo Mr3 Mo 

Total mmf = (j)S 


U 


lo 


k 


L 


^1 Mo Mrl ^2 Mo Mr2 ^3 Mo Mr3 ^g Mo 


^ih ^ 3^3 ^ 


Mo Mfl Mo Mr2 Mo Mr3 

= //, Z, + //, Z, + //, L + // / 

1 1 2 2 3 3 g g 


Mo 


1.7 Parallel Magnetic Circuits 

A magnetic circuit which has two or more than two paths for the magnetic flux is called a parallel 
magnetic circuit. Its behaviour can he just compared to a parallel electric circuit. 

Figure 1.6 shows a parallel magnetic circuit. A current carrying coil is wound on the central limb 
AB. This coil sets-up a magnetic flux in the central limb which is further divided into two paths 
i.e., (Z) path ADCB which carries flux (ZZ) path AFEB which carries flux ^ 3 . 



Fig. 1.6 Parallel magnetic circuit 


It is clear that = ^2 + ^3 

The two magnetic paths ADCB and AFEB are in parallel. The ATs required for this parallel circuit 
is equal to the ATs required for any one of the paths. 

If = reluctance of path BA i.e., Zj/a^ Pg p^j 

S 2 = reluctance of path ADCB i.e., l^ja^ Pg P ^2 

= reluctance of path AFEB i.e., l^la^ Pg p ^3 

.'. Total mmf required = mmf required for path BA + mmf required path ADCB or path AFEB. 
i.e., Total mmf or AT = + ^2 *^2 = A + ^3 “^3 
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1.8 Leakage Flux 

The magnetic flux which does not follow the intended path 
in a magnetic circuit is called leakage flux. 

When some current is passed through a solenoid, as 
shown in Fig. 1.7, magnetic flux is produced by it. Most of 
this flux is set-up in the magnetic core and passes through 
the air gap (an intended path). This flux is known as useful 
flux (j)^. However, some of the flux is just set-up around the 
coil and is not utilised for any work. This flux is called 
leakage flux 

Total flux produced by the solenoid. 

<l>= t + <l>i 

Leakage co-efficient or leakage factor: The ratio of 
total flux ((f) produced by the solenoid to the useful flux 
((j)J set-up in the air gap is known as leakage co-efficient. 

It is generally represented by letter ‘T. 

Leakage co-efficient, T = 

Fringing: It may be seen in Fig. 1.7 that the useful flux when sets-up in the air gap, it tends to 
bulge outwards at b and b' since the magnetic lines set-up in the same direction repel each other. 
This increases the effective area in the air gap and decreases the flux density. This effect is known 
as fringing. The fringing is directly proportional to the length of the air gap. 


Useful 
flux (0,) 



core 


Fig. 1.7 Leakage flux 


Example 1.1 

An iron ring of 400 cm mean circumference is made from round iron of cross-section 20 cm^. Its 
permeability is 500. If it is wound with 400 turns, what current would be required to produce a flux 
of 0-001 Wb? 

Solution: 

The magnetic circuit is shown in Fig. 1.8. 

Mean length of magnetic path, = 400 cm = 4 m 
Area of X-section of iron ring, a = 20 x 10“'^ vcf 
Absolute permeability, Pp = 4Tt x 10“^ 

Now mmf = flux x reluctance 


NI= (fx 


L 


aflQll^ 



400 X / = 0-001 X -j5--- 

20 X 10^ xAnx 10“’ x 500 

Current, I = - ^ ‘I - = 7-958 (Ans.) 

20 X 10^“* xAnx 10“^ x 500 x 400 
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Example 1.2 

An electromagnet has an air gap of 4 mm and flux density in the gap is 1-3 Wb/m^. Determine the 
ampere-turns for the gap. 

Solution: 

Here, / = 4mm = 0-4 cm = 4 x 10“^ m; B = 1-3 Wb/m^ 

Ampere-turns required for the gap 


H X I = ^xL 

^ ^ Bo " 


1-3 


4;r X 10 


X 4 X 10 


-3 


: 4136-83 AT (Ans.) 


Example 1.3 

A coil of insulated wire of 500 turns and of 
resistance 4 fl is closely wound on iron ring. The 
ring has a mean diameter of 0-25 m and a uniform 
cross-sectional area of 700 mm^. Calculate the 
total flux in the ring when a DC supply of CV is 
applied to the ends of the winding. Assume a relative 
permeability of 550. 


Solution: 

Mean length of iron ring, I = k D = kx 0-25 = 0-25 
;rm 

Area of cross-section, a = 700 mm^ = 700 x 10“® m^ 
Current flowing through the coil, 

^ _ Voltage applied across coil 
Resistance of coil 


= ^ = 



Total flux in the ring, cj) = 


NI 


NI X a BoBr 


I! a 


I 


500 X 1 • 5 X 700 X 10 ® x 4 k x 10“' x 550 
0 - 25 k 


= 0-462 mWb (Ans) 


Example 1.4 

What are the similarities between electrical circuits and magnetic circuits? An iron ring of mean 
length 50 cm and relative permeability 300 has an air gap of 1 mm. If the ring is provided with winding 
of200 turns and a current of\A is allowed to flow through, find the flux density across the airgap. 

Solution: 

Here, 1. = 50 cm = 0-5 m; = 300; l^ = 1mm = 0-001 m; A = 200 turns; / = 1 A 

D 

Ampere-turns required for air gap = — I 

* 
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Ampere-turns required for iron ring = 


B 




H B 

or Total ampere-turns required = — L -/, 

Alo * Alo Air 

Ampere-turns provided by the coil = N1= 200 x 1 = 200 
Equating eqn. (i) and (ii), we get, 


B 


I 


200 = — / -I- -!- = — 0.01 -I- 


B 


0.5 

Aio'v"' l^rj 300 

— (0 • 001 -I- 0 • 00167) = ^ X 0 • 00267 
Aio ^ ^ Aio 


or 


Flux density, B 


200 XjUo _ 200 X 4n: X 10" 


0 • 00267 


0•00267 


: 0-09425 T (Ans.) 


...(ii) 


Example 1.5 

A coil of 1000 turns is wound on a laminated core of steel having a cross-section of 5 cm^. The 
core has an air gap of 2 mm cut at right angle. What value of current is required to have an air gap 
flux density of 0-5 T7 Permeability of steel may be taken as infinity. Determine the coil inductance. 


Solution: 

Here, N = 1000 turns; a= 5 cm^ = 5 x 10^“* m^; 

1=2 mm = 2 X 10“^ m; B = 0-5 T; u = ao 
Total ampere-turns required. 


Current required, 


Inductance of coil. 


AT = — I + —^ , X 2 X 10“^ -1-0 =796 

Bo * Bo Br 4nx 10 "^ 




X /, = 0 

y 



796 

1000 


= 0-796 A (Ans.) 


j _ ^ N xBx a ^ 1000 x 0 ■ 5 x 5 x 10"^ 

“ / “ I ~ 0.796 


= 0-314 H (Ans) 


Example 1.6 

A flux density of 1-2 Wb/m^ is required in 2 mm air gap of an electro-magnet having an iron path 
1 metre long. Calculate the magnetising force and current required if the electro magnet has 1273 
turns. Assume relative permeability of iron to be 1500. 

Solution: 

Flux density, B = 1-2 Wb/m^ 
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Relative permeability of iron, = 1500 
No. of turns, N = 1273 
Length of iron path, l.= Im 
Length of air gap, = 2mm = 0-002 m 

B 1 • 2 

Magnetising force for iron H. = - = - - - = 636-6 AT/m 

' 4n X 10”^ X 1500 

Magnetising force for air gap, H = — = - ^^ = 954900 AT/m 

* fJ-o 4;r X 10 

ATs required for iron path = HI. = 636-6 x 1 = 636-6 
ATs required for air gap = HJ^ = 954900 x 0-002 = 1909-8 
Total ampere-turns = 636-6 + 1909-8 = 2546-4 
Current required, I = ^'otalATs ^ 25-46^4 ^ 2A (Ans.) 

Example 1.7 

Estimate the number of ampere-turns necessary to produce a flux of 100000 lines round an iron 
ring of 6 cm^ cross section and 20 cm mean diameter having an air gap 2 mm wide across it 
Permeability of the iron may be taken 1200. Neglect the leakage flux outside the 2 mm air gap. 

Solution: 

The magnetic circuit is shown in Fig. 1.10 
Area of cross section of the ring, a = 6 cm^ = 6 x 10 
Mean diameter of the ring, = 20 cm = 0-2 m 
Length of air gap, 1^ = 2 mm = 2 x 10“^ m 
Flux set up in the ring, (j) = 100,000 lines 
= 100,000 X 10 *^ 

= 0-001 Wh 

Relative permeability of iron, = 1200 

Mean length of ring, l^ = nD = tt x 0-2 
= 0-6283 m 
Length of air gap, / = 0-002 m 
Length of iron path, 1. = 0-6283 - 0-002 
= 0-6263 m 

Now, mmf = flux x reluctance 
Ampere-turns required for iron path, 

AT. = ^ X — — = 0 - 001 X - 

aPaPr 6 X 10^ X 4;r X 10^’ x 1200 



= 692-21 AT 
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Ampere-turns required for air gap, 


AT = (hx 


L 


= 0 • 001 X 


0 002 


6 X 10^“* xAnx 10”^ 


= 2652-58 AT 


Total ampere-turns required to produce the given flux 

= AT. +AT = 692-21 -H 2652-58 = 3344-79 AT (Ans.) 


Example 1.8 

A wrought iron bar 30 cm long and 2 cm in diameter is bent into a circular shape as given in Fig. 
0.11. It is then wound with 500 turns of wire. Calculate the current required to produce a flux o/0-5 
mWb in magnetic circuit with an air gap of 1 mm; u^ (iron) = 4000 {assume constant). 

Solution: 

Here, /. 

Diameter, d 


Area, a 

<!> 

N 

NI 

I 

Example 1.9 

A circular ring 20 cm in diameter has an air gap 1 mm wide cut in it. The area of a cross-section 
of the ring is 3-6 cm^. Calculate the value of direct current needed in a coil of 1000 turns uniformly 
wound round the ring to create a flux of 0-5 mWb in the air gap. Neglect fringing and assume relative 
permeability for the iron as 650. 

Solution: 

Here, Area of cross-section of the ring, a = 3-6 cm^ = 3-6 x 10 wf 
No. of turns of the coil, N = 1000 

Flux set-up, ^ = 0-5 m Wh = 0-5 x 10“^ Wb 
Relative permeability of iron, = 650 

Length of air gap, = 1 mm = 1 x 10“^ m 
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Mean diameter of ring = 20 cm = 20 x 10 ^ m 
Length of iron path 1. = ;rD = 71X20 x 10“^ m = 62-83 x 10 m 


Reluctance of iron path = 


Ha H,a 


_ _ 62 ■ 83 X 10~^ _ 

~ A-tix 10“^ X 650 X 3 • 6 X 10^ 
AT required for iron path = 0-5 x 10“^ x 213669 = 1068-3 AT 


: 213669 AT/Wb. 


Reluctance of air gap 


ig _ _ 1 X 10~^ _ 

y«o « 4n: X 10“^ x 3 - 6 x lO”'^ 


: 2210485 AT/Wb 


AT required for air gap = 0-5 x 10 ^ x 2210485 = 1105-2 AT 


Total AT = (AT)^. + (AT)^^^ = 1068-3 + 1105-2 = 2173-5 AT 


Current I ■ 


Total AT 2173 - 5 


: 2-1735 A (Ans.) 


Example 1.10 

A coil is wound uniformly with 300 turns over a steel ring of relative permeability 900 having a 
mean diameter of 20 cm. The steel ring is made of bar having circular cross-section of diameter 
2 cm. If the coil has a resistance of 50 ohm and is connected to 250 V DC supply, calculate (i) the 
mmfofthe coil, (ii) the field intensity in the ring, {Hi) reluctance of the magnetic path, (iv) total flux 
and (v) permeance of the ring. 


Solution: 

The magnetic circuit is shown in Fig. 1.12. 

Current through the coil, / = ^ = = 5 A 

R 50 

(i) mmf of the coil = NI = 300 x 5 = 1500 AT (Ans.) 

{ii) Field intensity H = ^ 


N = 300 


where, I = n D = Q-2 k metre 


H = = 2387-3 AT/m {Ans) 

0 - 2n 



{Hi) Reluctance of the magnetic path, S = 


= 900 


I = jrd^/4 


V = 250V 

Fig. 1.12 Magnetic circuit 


where, a=^d^ = ^ X (O - 02)^ = tt x 10-^ m^; = 900 


S = 0-2Tt/n X 10-4 X 4n X 10-’ x 900 


= 17-684 X 10^ AT/Wb {Ans) 
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{iv) Total flux, 


m.m.f. 


17 • 684 X 10= 


= 0-848 m Wb (Ans) 


(v) Permeance = US = 1/17-684 x 10^ = 5-655 x IQ-"^ Wb/AT {Ans) 

Example 1.11 

Calculate the relative permeability of an iron ring when the exciting current taken by the 600 turn 
coil is 1.2 A and the total flux produced is 1 m Wb. The mean circumference of the ring is 0-5 m and 
the area of cross-section is 10 cm^. 

Solution: 


'' a PqNI 

where N = 600 turns; / = 1-2 A; ^ = 1 m Wb = 1 x 10“^ Wb; I = 0-5 m; a = 10 cm^ = 10 x 10 


_ 1 X 10~= X 0 ■ 5 _ 

10 X 10^ x4tr X 10“^ X 600 X 1 • 2 


= 552-6 (Ans.) 


Example 1.12 

An iron ring of mean length 1 m has an air gap of 1 mm and a winding of200 turns. If the relative 
permeability of iron is 500 when a current of 1 A flows through the coil, find the flux density. 


Solution: 

The magnetic circuit is shown in Fig. 1.13. 
Now, mmf = flux x reluctance 


= 500 




Nl= B 


h , h 


/,■ ^ Ig 

Bo Br Bo 


where N = 200 turns; / = 1 A; = 500 

1=1 mm = 0001 m; 


- N = 200 


/g = 1 mm 


Fig. 1.13 Magnetic circuit 


1. = (1 - 0-001) = 0-999 m 


200 X 1 = B 


0-999 


0-001 


4a: X 10^^ X 500 4a: x 10^’ 


2385 - 73 


: 0-0838 Wb/m2 (Ans.) 
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Example 1.13 

A rectangular magnetic core shown in Fig. 1.14 (a), has square cross-section of area 16 cm^. An 
air-gap of 2 mm is cut across one of its limbs. Find the exciting current needed in the coil having 
1000 turns wound on the core to create an air-gap flux of A m Wb. The relative permeability of the 
core is 2000. 




(b) Circuit with path of fieid 


Fig. 1.14 Magnetic circuit 


Solution: 

Here, Area of x-section, a = 16 cm^ = 16 x 10 m^; / = 2 mm = 2 x 10“^ m 

No. of turns, N = 1000; Flux, ^ = 4 m Wb = 4 x 10“^ Wb; = 2000 

Flux density required, B = — = ^ ^ . = 2-5 T 

a 16 x lO”'^ 

Each side of the cross-section = \/l6 = 4 cm 

Length of iron-path, 1. = |25 - 2x^-(-20-2x^jx2-0-2 
= 73-8 cm = 0-738 m 
B B 

Total ampere-turns required = — I -\ -/, 

^ 2 ■ 5 x 2 x 10~^ ^ 2 ■ 5 x 0 ■ 738 

An X 10”^ An x 10'^ x 2000 
= 3979 H- 734 = 4713 

_ . . ■ , T Total ampere - turns 4713 ^ 

Exciting current required, I = - ^ = 4'713 A (Ans.) 

Example 1»14 

An iron ring of 10 cm^ area has a mean circumference of 100 cm. If has a saw cut of 0-2 cm wide. 
A flux of one mWb is required in the air gap. The leakage factor is 1.2. The flux density of iron for 
relative permeability 400 is 1.2 Wb/m^. Calculate the number of ampere-turns required. 
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Solution: 


Flux density in air gap, 

Flux in iron ring, (j)^ 


Flux density in iron ring, B 
Total ampere-turn required 


^ ^ lx 10 
a 10 X 10 


-3 


-4 


= 1 Wb/m2 


T X (where X is leakage factor) 
1.2 X 1 X 10-3 = 1.2 X 10-3 Wb 

-3 


1 • 2 X 10' 


10 X 10 


-4 


1-2 Wb/m2 


B B 

H I +H.l.= +—'—I 

^ ^ ‘ ‘ Bo ^ ' 


1 


X 0 • 2 X 10“3 4- 


1-2 


4;r X 10 
3978-87 (Ans.) 


4;r X 10 X 400 


X 1 


Example 1.15 

A steel ring 10 cm mean radius and of circular cross-section 1 cm in radius has an air gap of 1 
mm length. It is wound uniformly with 500 turns of wire carrying current of 3 A. Neglect magnetic 
leakage. The air gap takes 60% of the total mmfFind the total reluctance. 

Solution: 


Total mmf = NI = 500 x 3 = 1500 ATs 
Mmf for air gap = 60% of total mmf = 0-6 x 1500 = 900 ATs 
L 


Reluctance of air gap, S = 

where, 1=1 mm = 1 x 10-3 m; a = n x (O-Ol)^ = n x 10-"^ m^; 


-3 


= 


1 X 10'-^ _ 10° 

n X lO'^ X 4;r X 10“’ 


ATs/Wb 


• , M.M.F. of iron QQO . i 

Flux m the air gap, ch = -;-= —^ X = 36n^ X 10 ° Wb 

^ ^ reluctance lo* 

Mmf for iron = Total mmf - air mmf = 1500 - 900 = 600 ATs 
Flux in the iron ring, tfi. = = 36 x 10-® Wb 

{since there is no magnetic leakage) 


Reluctance of iron ring, ■ 


M.M.F. of iron 


600 


_^ 

36 n:’ X 10'® 


AT/Wb 
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Total reluctance, S = S ^ S. = ^ ^ ^ iU 

* ' An^ 6n^ U 6/ 

= 4-22 X 10« ATs/Wb {Ans) 


Example 1.16 

Determine magnetomotive force, magnetic flux, reluctance and flux density in case of a steel ring 
30 cm mean diameter and a circular cross-section 2 cm in diameter has an air gap 1 mm long. It 
is wound uniformly with 600 turns of wire carrying a current of 2.5 A. Neglect magnetic leakage. 
The iron path takes 40% of the total magnetomotive force. 

Solution: 

Mmf of the magnetic circuit = NI = 600 x 2-5 = 1500 ATs (Ans.) 

As iron path takes 40% of the total mmf, the reluctance of iron in 40% and the rest of the reluctance 
(60%) is of air path. 

^ ^ = 3 
5,. 40 2 

Reluctance of air path, S = —— 

“ ajUo 

where / = 1 x 10“^ m; a = ^ (2f x 10“"* = nx 10“"^ m^; 

5 = - ^ ^ = 2-533 X 10® ATs/Wb 

“ n:xl0^ xAtrx 10~^ 

Reluctance of iron path, 5. = -^ = 2 ■ 533 X 10^ ^ ^ ATs/Wb 

1-5 1-5 

Total reluctance = S^-h S. = (2-533 + 1-688) x 10® ATs/Wb 
= 4-221 X 10® ATs/Wb (Ans.) 


Magnetic flux, S = —— = -1500—^ _ Q .3554 jjj -yyjj (An^.) 

reluctance 4 - 221 X 10 

Flux density, B = — = — 3554 X 10 — _ Wb/m^ (Ans.) 
a nx 10 ^“* 


Example 1.17 

An iron ring is made up of three parts', f = 10 cm, Aj = 5 cm^; ^2 = 8 cm, a 2 = 3 cm^; f = 6 cm, a^ = 
2-5 cm^. It is wound with a 250 turns coil. Calculate current required to produce flux of 0-4 mWb. 
^1 = 2670, P 2 - 1050, ^ = 600. 



Electrical Machines 


18 


Solution: 


Flux density = 



^ _ 0 ■ 4 X 10~^ 
a\ 5 X 10““* 
0-8 Wb/m2 

_ 0-4 X 10~^ 
02 ~ 3 X IQ-'^ 

1-33 Wb/m2 

_ 0 - 4 X 10~^ 
03 2 • 5 X lO”'^ 

1-6 Wb/m2 



Fig. 1.15 Series magnetic circuit as per data 


Total Ampere-turns required 


AT-. 


5, 


Mo Ml 


h + 


Mo 


T + 


B, 


1 


4;i: X 10 
231-92 


M0M2 " Mo M3 

|J,x0.10 + y|x0.08 + l3|x0.06' 


Current required to produce given flux, 

/ = ^ = = 0-928 A {Ans) 


Example 1.18 

The ring shaped core shown in Fig. 1.16 is made of a material having a relative permeability of 
1000. The flux density in the smallest area of cross-section is 2 T. If the current through the coil is 
not to exceed T5 A, compute the number of turns of the coil. 



Fig. 1.16 Series magnetic circuit as per data 



Solution: 

Flux in the core, 


Electro Magnetic Circuits 


19 


(j) = BxA = 2x2x 10-4 = 4 X IQ-^ Wb 
Total reluctance of the magnetic path, 
iS = + S2 + 

/i /o /o 

= - + - + - 

^1 Mo Mr ^2 Mo Mr Mo Mr 

1 pi , 4 

Mo Mr l«l «2 «3r 

^ _1_ f 01 ^ 0 15 0-2 ^ 

4n: X 10“^ X 1000 U X 10^ 3x10^“* 2 x lO"^ J 

= 13-926 X 10^ AT/Wb 


Total mmf required, NI = (j)S 
or A X 1-5 = 4 X 10-4 x 13-926 x 10^ 


No. of turns, N = 371’36 (Ans.) 


Example 1.19 

The magnetic frame shown in Fig. 1.17 is built-up 
of iron of square cross-section, 3 cm side. Each air 
gap is 2 mm wide. Each of the coil is wound with 
1000 turns and the exciting current is 1-0 A. The 
relative permeability of part A and part B may be 
taken as 1000 and 1200 respectively. 

Calculate, (i) reluctance of part A; (ii) reluctance 
of part B; {Hi) reluctance of two air gaps; {iv) total 
reluctance of the complete magnetic circuit; (v) mmf 
produced and {yi)flux set-up in the circuit. 


jL 


Part-A 


L-Part-B 


s'cm 


£ 

o 

o 

I 


2 mm 


- 20 cm- 


-H 


Fig. 1.17 Series magnetic circuit 


Solution: 

O') Reluctance of path A, S. = - - — 

OMoMrA 

where, 1^ = 20- (1-5 + 1-5) + (1-5 + 1-5) = 20 cm = 0-2 m 
fl= 3 X 3 = 9 cm^ = 9 X 10-4 m^; = 1000; 

5, = -j- — -=- = 176839 AT/Wb (Ans.) 

9 X 10^ X 4a: X 10“’ x 1000 

(ii) Reluctance of path B, S„ = ——— 

^ OMoMrB 
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where, = (20 - 1-5 - 1-5) + 2 (10 - 1-5) = 34 cm = 0-34 m; = 1200 

S„ = -j-z- = 250521 AT/Wb (Ans) 

" 9 X 10^ X 4a: X 10“’ x 1200 

I 

(Hi) Reluctance of two air gaps, S = 

where, / = 2 + 2 = 4 mm = 4 x 10“^ m 

g 

5^ = 4 X 10-^/9 X 10-4 X 47 t X 10-’ = 3536776 AT/Wb (Ans.) 

(iv) Total reluctance of the composite magnetic circuit, 

S = S,+S^ + S = 176839 + 250521 + 3536776 

A b g 

= 3964136 AT/Wb (Ans) 

(v) Total mmf = NI = (2x 1000) x 1 = 2000 AT (Ans.) 

(vi) Flux set-up in the circuit, (h = — ^ = 0’5045 m Wb (Ans) 

reluctance 3964136 


Example 1.20 

A magnetic core made of annealed sheet steel has the dimensions as shown in Fig. 1.18. The cross- 
section everywhere is 25 cm^. The flux in branches A and B is 3500 m Wb, but that in the branch 
C is zero. Find the required ampere-turns for coil A and for coil C. Relative permeability of sheet 
steel is 1000. 



Fig. 1.18 Given parallel magnetic circuit Fig. 1.19 Flux distribution in the parallel magnetic circuit 


Solution: 

The given magnetic circuit is a parallel circuit. To determine the ATs for coil ‘A’, the flux distribution 
is shown in Fig. 1.19. 

Since path ‘B’ and ‘C’ are in parallel with each other w.r.t. path A’, 
mmf for path ‘B’ = mmf for path C, 


i.e., 

i.e.. 


A “^1 ~ ^2 ^2 


3500 X 10^ X 30 X 10“^ 


02 X 


80 X 10“ 


aBoBr 
1312-5 X 10-6 Wb 


aBoB, 
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Total flux in the path ‘A’, tfi = tfi^ + (fi^ 

= (3500 + 1312-5) X 10-6 = 4812-5 x 10-® Wb 
Actual (resultant) flux in path A’ = ^ - ^2 = 3500 x 10-^ Wb 

ATs required for coil A’ = ATs for path A’ + ATs for path ‘5’ or ‘C’ 


3500 x10^ 


A-n X 10“^ X 1000 X 25 X 10^“* 


(0-8+ 0-3) 


= 1225-5 (Ans.) 

To neutralise the flux in section ‘C’, the coil produces flux of 1312-5 p Wb in opposite direction. 
ATs required for coil ‘C’ = ATs for path ‘C’ only 


1312 -5 x 10~° x 0 - 8 
An X 10“^ x 1000 x 25 X 10^ 


: 334-22 (Ans.) 


1.9 Magnetisation or B-H Curve 

The graph plotted between flux density B and magnetising force H of a material is called the 
magnetisation or B-H Curve of that material. 

The general shape of the B-H Curve of a magnetic material is shown in Fig. 1.20. The shape 
of the curve is non-linear This indicates that the relative permeability (p^ = B/p^ H) of a magnetic 
material is not constant but it varies. The value of p^ largely depends upon the value of flux density. 
Its shape is shown in Fig. 1.21 (for cast steel). 




0 0-4 0-8 1-2 1-6 


-► B (Wb/m2) 

Fig. 1.21 iJ^-B curve 


The B-H curves of some of the common magnetic materials are shown in Fig. 1.22. The B-H 
curve for a non-magnetic material is shown in Fig. 1.23. It is a straight line curve since B = ju^H 
or B X H as the value of is constant. 
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O 400 800 1200 


-► H (AT/m) 

Fig. 1.23 B-H curve for a non-magnetic materials 


1.10 Magnetic Hysteresis 

When a magnetic material is magnetised first in one direction and then in the other (i.e., one cycle 
of magnetisation), it is found that flux density B in the material lags behind the applied magnetising 
force H. This phenomenon is known as magnetic hysteresis. 

Hence, the phenomenon of flux density B lagging behind the magnetising force H in a magnetic 
material is called magnetic hysteresis. 

‘Hysteresis’ is the term derived from the Greek word hysterein meaning to lag behind. To 
understand the complete phenomenon of magnetic hysteresis, consider a ring of magnetic material 
on which a solenoid is wound uniformly as shown in Fig. 1.24. The solenoid in connected to a DC 
source through a double pole double throw reversible switch (position ‘1’). 


Solenoid 




Fig. 1.24 Circuit to trace hysteresis loop 


Fig. 1.25 Hysteresis loop 
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When the field intensity H is increased gradually by increasing current in the solenoid (by 
decreasing the value of R), the flux density B also increases until saturation point a is reached and 
curve so obtained is oa. If now the magnetising force is gradually reduced to zero by decreasing 
current in the solenoid to zero. The flux density does not become zero and the curve so obtained 
is ab as shown in Fig. 1.25. When magnetising force H is zero, the flux density still has value ob. 

Residual Magnetism and Retentivity 

This value afflux density ‘ob’ retained by the magnetic material is called residual magnetism and 
the power of retaining this residual magnetism is called retentivity of the material. 

To demagnetise the magnetic ring, the magnetising force H is reversed by reversing the direction 
of flow of current in the solenoid. This is achieved by changing the position of double pole, double 
throw switch (i.e., position ‘2’). When H is increased in reverse direction, the flux density starts 
decreasing and becomes zero and curve follows the path be. Thus residual magnetism of the magnetic 
material is wiped off by applying magnetising force oc in opposite direction. 

Coercive Force 

This value of magnetising force oc required to wipe off the residual magnetism is called coercive force. 

To complete the loop, the magnetising force H is increased further in reverse direction till 
saturation reaches (point ‘d’) and the curve follows the path cd. Again H is reduced to zero and the 
curve follows the path de. Where oe represents the residual magnetism. Then H is increased in the 
positive direction by changing the position of reversible switch to position T’ and increasing the flow 
of current in the solenoid. The curve follows the path of efa and the loop is completed. Again o/is 
the magnetising force utilised to wipe off the residual magnetism oe. 

Hence, c/is the total coercive force required in one cycle of magnetisation to wipe off the residual 
magnetism. 

Since the meaning of hysteresis is lagging behind, and in this case flux density B always lags 
behind the magnetising force, H, therefore, loop (abedefa) so obtained is called hysteresis loop. 


1.11 Hysteresis Loss 

When a magnetising force is applied, the magnetic material is magnetised and the molecular magnets 
are lined up in a particular direction. 

However, when the magnetising force in a magnetic material is reversed, the internal friction 
of the molecular magnets opposes the reversal of magnetism, resulting in hysteresis. To overcome 
this internal friction of the molecular magnets (or to wipe off the residual magnetism), a part of the 
magnetising force is used. The work done by the magnetising force against this internal friction of 
molecular magnets produces heat. This energy, which is wasted in the form of heat due to hysteresis, 
is called hysteresis loss. 

Hysteresis loss occurs in all the magnetic parts of electrical machines where there is reversal of 
magnetisation. This loss results in wastage of energy in the form of heat. Consequently, it increases 
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the temperature of the machine which is undesirable. Therefore, a suitable magnetic material is 
selected for the construction of such parts, e.g., silicon steel is most suitable in which hysteresis loss 
is minimum. 


1.12 Importance of Hysteresis Loop 

The shape and size of hysteresis loop of a magnetic material largely depends upon its nature. For a 
particular location, the choice of the magnetic material depends upon the shape and size (i.e., area) 
of its hysteresis loop. The hysteresis loops of some of the common magnetic materials are shown 
in Fig. 1.26. 

(r) Hard steel: The hysteresis loop for hard steel is shown in Fig. 1.26 (a). This loop has larger area 
which indicates that this material will have more hysteresis loss. Therefore, it is never used for 
the construction of machine parts. However, its loop shows that the material has high retentivity 
and coercivity. Therefore, it is more suitable for making permanent magnets. 



Fig. 1.26 Hysteresis loop for different magnetic materials 


{ii) Silicon steel: The hysteresis loop for silicon steel is shown in Fig. 1.26 {b). This loop has smallest 
area which indicates that this material will have small hysteresis loss. Therefore, it is most suitable 
for the construction of those parts of electrical machines in which reversal of magnetisation is 
very quick e.g., armature of DC machines, transformer core, starter of induction motors etc. 
(iri) Wrought iron: Figure 1.26 (c) shows the hysteresis loop for wrought iron. This loop shows that 
this material has fairly good residual magnetism and coercivity. Therefore, it is best suited for 
making cores of electromagnets. 


Section Practice Problems 


Numerical Problems 

1. An iron ring has a cross-sectional area of 400 mm^ and a mean diameter of 25 cm. It is wound with 500 
turns. If the value of relative permeability is 500, find the total flux set-up in the ring. The coil resistance 
is 400 0 and the supply voltage is 200 V. (Ans. 0 08 m Wb) 
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2. An iron ring of mean diameter 22 cm and cross-section 10 cm^ has an air gap 1 mm wide. The ring is 

wound uniformiy with 200 turns of wire. The permeabiiity of ring materiai is 1000. A fiux of 0-16 mWb is 
required in the gap. What current shouid be passed through the wire? (Ans. 1076 A) 

3. An iron ring has cross-section 3 cm^ and a mean diameter of 25 cm. An air gap of 0-4 mm has been made 

by saw cut across the section. The ring is wound with 200 turns through which a current of 2 A is passed, 
if the totai fiux is 21 x 10“^ weber, find p for iron assuming no ieakage. (Ans. 2470) 

4. An iron ring bas a mean circumferentiai iength of 60 cm with an air gap of 1 mm and a uniform winding 

of 300 turns. When a current of 1 A fiows through the coii, find the fiux density. The reiative permeabiiity 
of iron is 300. Assume Pg = 4n x 10“^ H/m. (Ans. 0-1256 T) 

5. in the magnetic circuit shown in Fig. 1.27, a coii of 500 turns is wound on the centrai iimb. The magnetic 
path from A to B by way of outer iimbs have a mean iength of 100 cm each and an effective cross-sectionai 
area of 2-5 cm^. The centrai iimb is 25 cm iong and 5 cm^ cross-sectionai area. The air gap is 0-8 cm iong. 
Caicuiate the current fiowing through the coii to produce a fiux of 0-3 m Wb in tbe air gap. Tbe reiative 
permeabiiity of the core materiai is 800 (negiect ieakage and fringing). 


“ 


Jll 

A 


1 

1 

1 

1 

1 

1 

1 


1^ 

1 

1 

1 

1 

1 

1 


1 

1 

1 

1 

1 

1 

1 



- ■ 

-B- 



Fig. 1.27: 


Short Answer^Type Questions 

Q.l. What is a magnet? 

Ans. A substance that attracts pieces of iron is caiied a magnet. 

Q.2. What are permanent and temporary magnets? 

Ans. A magnet that retains magnetism permanentiy is caiied a permanent magnet. Whereas a magnet in 
which magnetism remains temporariiy is caiied a temporary magnet. A wire wound soft iron piece 
becomes a temporary magnet when a DC is passed through the wire. 

Q.3. What are magnetic poies? 

Ans. The ends of a magnet from where the magnetic iines offeree appear to emit or enter are caiied magnetic 
poies, these are identified as north and south poies respectiveiy. 

Q.4. What do you understand hy magnetic fieid? 

Ans. The space occupied by the magnetic iines of force around a magnet is caiied the magnetic fieid. 

Q.5. What do you mean hy magnetic axis? 

Ans. Magnetic axis is the imaginary iine joining the two poies of a magnet. It is aiso caiied as the magnetic 
equator. 
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Q.6. Define and explain a magnetic circuit. 

Ans. A complete closed path followed by a group of magnetic lines force Is called a magnetic circuit. In a 
magnetic circuit, the magnetic flux leaves from north pole, passes through the circuit and returns to 
the north pole. 

Q.7. Mention at least four properties of magnetic lines of force. 

Ans. 1. Magnetic lines always emanate from north pole and terminate at south pole outside the magnet 
whereas they are set-up from south to north pole inside the magnet. 

2. The magnetic lines of force do not intersect each other. 

3. The magnetic lines of force set-up in one direction have a repulsive force between them and therefore 
do not intersect. 

4. The magnetic lines of force always follow the least reluctance path. 

Q.8. Explain the term MMF. 

Ans. The force which drives the magnetic flux through a magnetic circuit is called the magnetomotive force. 
It is produced by passing electric current through wire of number of turns. It is measured in ampere- 
turns {AT). 

MMF'm a magnetic circuit can be compared to EMFin an electric circuit. Both are pressure. MMFis 
magnetic pressure and EMFis electric pressure. 

Q.9. Define relative permeability. 

Ans. The relative permeability (p^) of a material (or medium) is defined as the ratio of the flux density 
produced in that material or medium to the flux density produced in vacuum by the same magnetising 
force. 



where, S- Flux density in the material or medium in tesla 
Sq- Flux density in vacuum 

Q.10. Define permeance of magnetic circuit. 

Ans. Permeance is the reciprocal of reluctance. It is the ease of the magnetic material with which magnetic 
flux is set-up in it. It is equivalent to conductance in an electric circuit. Its unit is weber per ampere- 
turn. 

Permeance = „ , 1 - 

Reluctance 

^ 1 ^ a Ho Hr 

I / Ho Hr I 

where, /= length of the magnetic circuit 

a - area of cross section of the magnetic circuit 
iuq -absolute permeability of the magnetic circuit. 
jUi --relative permeability 
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Q.11. 

Ans. 


Q.12. 

Ans. 


Q.13. 

Ans. 


Q.14. 

Ans. 

Q.15. 

Ans. 

Q.16. 

Ans. 


Give similarities of electric and magnetic circuits. 


Se. 

No. 

Magnetic Circuit 

Eiectric Circuit 

1. 

The closed path for magnetic flux is called 
magnetic circuit. 

The closed path for electric current is called 
electric circuit. 

2. 

Flux {,f} = 

Reluctance 

Current (/) = p — 

Resistance 

3. 

/WMF(Ampere-turns) 

emf (volt) 

4. 

Reluctance (S) = —-— 
anolir 

Resistance (/?) = 

5. 

Reluctivity 

Resistivity 

6. 

7. 

Permeance 

Conductance 

Flux density F= ^ Wb/m^ 

Current density (J) = - ampere/m^ 

3 

8. 

Magnetic field intensity W= -y AT/m 

Electric field intensity f= ^ volt/m 


What is a composite magnetic circuit? 

A composite magnetic circuit consists of different magnetic materiais. The magnetic materiais have 
different permeabiiities and iength it may aiso have an air gap. Each path wiii have its own reiuctance. 
Since the materiais are in series, the totai reiuctance is given by tbe sum of individuai reiuctances. 


State ‘Ohms law’ of a magnetic circuit. 

The ‘ohms law’ of a magnetic circuit is given by 


Flux = 


IF 


i.e., 0= ^ 


M 

S 


Reluctance 

The above equation is similar to that of the ohm’s law in electric circuit. Flux is analogous to current, 
MMFto f/WFand reluctance to resistance in electric circuit. 


Define leakage factor. 

Leakage factor is defined as the ratio of total flux to the useful flux. 

Why is it necessary to keep air gaps in magnetic circuits as small as possible? 

Usually, the ampere-turns {AT) required for the airgap is much greater than that required for the magnetic 
circuit. It is because the reluctance of air is very high as compared to that offered by iron. Therefore, 
it is always preferred to keep air gaps in magnetic circuits as small as possible. 

Why does leakage occur in a magnetic circuit? 

In a parallel magnetic circuit, a large amount of flux follows tbe intended path. At the same time a small 
amount of flux leaks through the surrounding air since air is not a magnetic insulator. Therefore, leakage 
of flux takes place easily. The leakage flux is useless, it is harmful in an electrical machine. 
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Q.17. What is magnetic fringing? 

Ans. While crossing an air gap the magnetic lines of force tend to bulge out. The reason is that the magnetic 
lines offeree repel each other when passing through non-magnetic material. This phenomenon is known 
as fringing. 

Q.18. What is hysteresis in a magnetic materiai? 

Ans. The phenomenon due to which magnetic flux density (S) lags behind the magnetic field intensity (H) 
in a magnetic material is called magnetic hysteresis. 

Q.19. Give the units of IVIMF, reluctance, flux and give the relation between them. 

Ans. 


Quantity 

Unit 

MMF 

Ampere-Turn 

Fiux 

Weber 1 

Reluctance 

AT/weber 1 


Reluctance = 


1.13 Electro Magnetic Induction 

The phenomenon by which an emf is induced in a circuit (and hence current flows when the circuit 
is closed) when magnetic flux linking with it changes is called electro-magnetic induction. 



For illustration, consider a coil having a large number of turns to which galvanometer is connected. 
When a permanent bar magnet is taken nearer to the coil or away from the coil, as shown in Fig. 1.28 
(a), a deflection occurs in the needle of the galvanometer. Although, the deflection in the needle is 
opposite is two cases. 

On the other hand, if the bar magnet is kept stationary and the coil is brought nearer to the magnet 
or away from the magnet, as shown in Fig. 1.28 {b), again a deflection occurs in the needle of the 
galvanometer. The deflection in the needle is opposite in the two cases. 

However, if the magnet and the coil both are kept stationary, no matter how much flux is linking 
with the coil, there is no deflection in the galvanometer needle. 
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The following points are worth noting: 

(i) The deflection in the galvanometer needle shows that emf is induced in the coil. This condition 
occurs only when flux linking with the circuit changes i.e., either magnet or coil is in motion. 

(ii) The direction of induced emf in the coil depends upon the direction of magnetic field and the 
direction of motion of coil. 


1.14 Faraday’s Laws of Electromagnetic Induction 

Michael Faraday summed up conclusions of his experiments regarding electro-magnetic induction 
into two laws, known as Faraday’s laws of electro-magnetic induction. 

First Law: This law states that “Whenever a conductor cuts across the magnetic field, an emf is 
induced in the conductor.” 

or 

“Whenever the magnetic flux linking with any circuit (or coil) changes, an emf is induced in the circuit.” 

Figure 1.29 shows a conductor placed in the magnetic field of a permanent magnet to which a 
galvanometer is connected. Whenever, the conductor is moved upward or downward i.e., across the 
field, there is deflection in the galvanometer needle which indicates that an emf is induced in the 
conductor. If the conductor is moved along (parallel) the field, there is no deflection in the needle 
which indicates that no emf is induced in the conductor. 

For the second statement, consider a coil placed near a bar magnet and a galvanometer connected 
across the coil, as shown in Fig. 1.30. When the bar magnet (N-pole) is taken nearer to the coil [see 
Fig. 1.30 (fl)], there is deflection in the needle of the galvanometer. If now the bar magnet (Wpole) is 
taken away from the coil [see Fig. 1.30 (b)}, again there is deflection in the needle of galvanometer 
but in opposite direction. The deflection in the needle of galvanometer indicates that emf is induced 
in the coil. 




Fig. 1.29 Conductor moving in the fieid 




Fig. 1.30 Coii is stationary but bar magnet 
(fieid) is moving 
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Second Law: This law states that ‘'The magnitude of induced emf in a coil is directly proportional 
to the rate of change of flux linkages. 


N{^2 ~ ^l) 

Rate of change of flux linkages = —^- - Wb-turns/s 


where, N = No. of turns of the coil; 

t = time in second for the change 
According to Faraday’s second law of electro-magnetic induction; 

A(02 - 01) 


(02 - 0.) = change of flux in Wb 


Induced emf, 


e oc 


A (02 - 01) , , . ■ , • ■ X 

e = -- — (taking proportionality constant, as unity) 


, dtj) 


In differential form, e = N —^ volt 

dt 

Usually, a minus sign is given to the right-hand side expression which indicates that emf is 
induced in such a direction which opposes the cause (i.e., change in flux) that produces it (according 
to Lenz’s law). 

.,d(l> , 

e = -N -f- volt 
dt 


1.15 Direction of Induced emf 

The direction of induced emf and hence current in a conductor or coil can be determined by either 
of the following two methods: 

1. Fleming’s Right Hand Rnle: This rule is applied to determine the direction of induced emf 
in a conductor moving across the field and is stated as under; 

“Stretch, first finger, second finger, and thumb of your right hand mutually perpendicular to 
each other. If first finger indicates the direction of magnetic field, thumb indicates the direction 
of motion of conductor then second finger will indicate the direction of induced emf in the 
conductor.” 

Its illustration is shown in Fig. 1.29. 

2. Lenz’s Law: This law is more suitably applied to determine the direction of induced emf in a 
coil or circuit when flux linking with it changes. It is stated as under: 

“In effect, electro-magnetically induced emf and hence current flows in a coil or circuit in such 
a direction that the magnetic field set up by it, always opposes the very cause which produces it.” 

Explanation: When A-pole of a bar magnet is taken nearer to the coil as shown in Fig. 1.30, an emf 
is induced in the coil and hence current flows through it in such a direction that side ‘B’ of the coil 
attains North polarity which opposes the movement of the bar magnet. Whereas, when A-pole of 
the bar magnet is taken away from the coil as shown in Fig. 1.30, the direction of emf induced in the 
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coil is reversed and side ‘B’ of the coil attains South polarity which again opposes the movement 
of the bar magnet. 


1.16 Induced emf 

When flux linking with a conductor (or coil) changes, an emf is induced in it. This change in flux 
linkages can be obtained in the following two ways: 

(i) By either moving the conductor and keeping the magnetic field system stationary or moving 
the magnetic field system and keeping the conductor stationary, in such a way that conductor 
cuts across the magnetic field (as in case of DC and AC generators). The emf induced in this 
way is called dynamically induced emf 

(ii) By changing the flux linking with the coil (or conductor) without moving either coil or field 
system. However, the change of flux produced by the field system linking with the coil is obtained 
by changing the current in the field system (solenoid), as in transformers. The emf induced in 
this way is called statically induced emf 


1.17 Dynamically Induced emf 


By either moving the conductor keeping the magnetic field system stationary or moving the field 
system keeping the conductor stationary so that flux is cut by the conductor, the emf thus induced 
in the conductor is called dynamically induced emf 


Mathematical Expression 

Considering a conductor of length / metre placed in the magnetic field of flux density B Wb/m^ 
is moving at right angle to the field at a velocity v metre/second as shown in Fig. 1.31 {a). Let the 
conductor be moved through a small distance dx metre in time dt second as shown in Fig. 1.31 ib). 



(a) Conductor moving in 
uniform magnetic field 
perpendicuiar to it 


N 


( 

4 

) 

- 

n 

i) 

- 

> 

( 

) 









S 


(b) Conductor is moving 
through a distance dx 



— dx—^ 



(c)Area swept by (d) Conductor is moving 
the conductor at an angle 0 with the field 


Fig. 1.31 Dynamically induced emf 
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Area swept by the conductor, A = Ixdx 

Flux cut by the conductor, (j) = BxA = Bldx 

According to Faraday’s Law of electro-magnetic induction; 

T , , flux cut (h BI dx „ , , . , ,, . , • XX 

Induced emt, e = —^-= ^ = —;— = B I v (since dxidt = v (velocity)) 

time dt dt 

Now, if the conductor is moved at an angle 9 with the direction of magnetic field at a velocity v 
metre/second as shown in Fig. 1.31 (d). A small distance covered by the conductor in that direction 
is dx in time dt second. Then the component of distance perpendicular to the magnetic field, which 
produces emf, is dx sin 9. 

Area swept by the conductor, A 
Flux cut by the conductor, cj) 

Induced emf e 

Example 1.21 

A coil of 599 turns in linked with a flux 
average emf induced in the coil. 

Solution: 

Average induced emf, e 
where, N 

e 

Example 1.22 

A coil of259 turns is wound on a magnetic circuit of reluctance 199999 AT/Wb. If a current of 2 A 
flowing in the coil is reversed in 5 ms, find the average emf induced in the coil. 


= lx dx sin 9 
= B X A = B I dx sin 9 

Bldx sin 9 „ , . „ 

= B I vsm 9 


dt 


of 2 mWb. If this flux is reversed in 4 ms, calculate the 


dt 

= 500 turns; d(j) = 2-(-2) = 4m Wh, dt = 4x 10^ s; 


500 X 


4 X 10 


-3 


- 1-3 


: 500 V (Ans.) 


Solution: 


(f) = mmf/reluctance i.e., ^ = NHS 


where, N = 250; / = 2A and 5 = 100000 AT/Wb. 


250 X 2 

^'Toijooo 


Average induced emf e = N ^ 
^ dt 


where. 


fif ^ = 5 - (- 5) = 10 m Wb (since current is reversed) 


250 X 


10 X 10 
5 X 10 


-3 


-3 


= 500 V (Ans.) 



Electro Magnetic Circuits 


33 


1.18 Statically Induced emf 

When the coil and magnetic field system both are stationary but the magnetic field linking with the 
coil changes (by changing the current producing the field), the emf thus induced in the coil is called 
statically induced emf 

The statically induced emf may be: 

(i) Self induced emf (ii) Mutually induced emf 

(/) Self induced emf: The emf induced in a coil due to the 
change of flux produced by it linking with its own turns is 
called self induced emf as shown in Fig. 1.32. 

The direction of this induced emf is such that it opposes the 
cause which produces it (Lenz’s law) i.e., change of current 
in the coil. 

Since the rate of change of flux linking with the coil depends 
upon the rate of change of current in the coil. Therefore, 
the magnitude of self induced emf is directly proportional 
to the rate of change of current in the coil. Therefore, the 
magnitude of self induced emf is directly proportional to 
the rate of change of current in the coil, i.e., 

dl , dl 

e oc — or e = L —— 
dt dt 

where L is a constant of proportionality and is called self inductance or co-efficient of self 
inductance or inductance of the coil. 

(ii) Mutually iuduced emf 

The emf induced in a coil due to the change of flux produced by another (neighbouring) coil, 
linking with it is called mutually induced emf as shown in Fig. 1.33. 



Fig. 1.32 Flux produced by coil 
linking with its own turns 



Since the rate of change of flux linking with coil ‘B’ depends upon the rate of change of current 
in coil ‘A’. Therefore, the magnitude of mutually induced emf is directly proportional to the rate 
of change of current in coil A’, i.e.. 
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fif/i 

e oc — or e = M 

dt dt 


where M is a constant of proportionality and is called mutual inductance or co-efficient of 
mutual inductance. 


1.19 Self Inductance 


The property of a coil due to which it opposes the change of current flowing through itself is called 

self inductance or inductance of the coil. 

This property (i.e., inductance) is attained by a coil due to self-induced emf produced in the coil 
itself by the changing current flowing through it. If the current in the coil is increasing (by the change 
in circuit conditions), the self-induced emf is produced in the coil in such a direction so as to oppose 
the rise of current i.e., the direction of self-induced emf is opposite to that of the applied voltage. On 
the other hand, if the current in the coil is decreasing, the self-induced emf is produced in the coil 
in such direction so as to oppose the fall of current i.e., the direction of self-induced emf is in the 
same direction as that of the applied voltage. In fact, self-inductance does not prevent the change of 
current but it delays the change of current flowing through a coil. 

It may be noted that this property of the coil only opposes the changing current (i.e., alternating 
current). However, it does not affect the steady (i.e., direct) current when flows through it. In other 
words, the self-inductance of the coil (by virtue of its geometrical and magnetic properties) will 
exhibit its presence to the alternating current but it will not exhibit its presence to the direct current. 

Expressions for self inductance: 


L = 


e 

dl / dt 


I since e 



I 


( ■ 

Since e = N -f- 
dt 



I / 


since 


NI 


I / 


1.20 Mutual Inductance 


The property of one coil due to which it opposes the change of current in the other {neighbouring) 
coil is called mutual-inductance between the two coils. 

This property (i.e., mutual-inductance) is attained by a coil due to mutually induced emf in the 
coil while current in the neighbouring coil is changing. 

Expression for mutual inductance: 


M = 


df ! dty 

A^2012 


I since e^ = M — 


since = N- 


dt 


..df 
= M—f 
dt 


I / 


- sir 




ni 


I / ajlQjl^ 




J 
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1.21 Co-efficient of Coupling 

When current flows through one coil, it produces flux (^j). The whole of this flux may not be linking 
with the other coil coupled to it as shown in Fig. 32. It may be reduced, because of leakage flux 
by a fraction k known as co-efficient of coupling. 

Thus, the fraction of magnetic flux produced by the current in one coil that links with the other 
is known as co-efficient of coupling (k) between the two coils. 

If the flux produced by one coil completely links with the other, then the value of k is one and the 
coils are said to be magnetically tightly coupled. Whereas, if the flux produced by one coil does not 
link at all with the other, then the value of k is zero and the coils are said to be magnetically isolated. 

Mathematical expression: Considering the magnetic circuit shown in Fig. 1.34. When current f 
flows through coil-1; 



Fig. 1.34 Flux produced by one coil linking with the other 



The above expression gives a relation between mutual-inductance between the two coils and their 
respective self inductances. 

Expression {Hi) can also be written as, 




36 


Electrical Machines 


1.22 Inductances in Series and Parallel 

Consider two coils magnetically coupled having self-inductance of Lj and respectively, and a 
mutual-inductance of M henry. The two coils, in an electrical circuit, may he connected in different 
ways giving different values of resultant inductance as given below: 

Inductances in series: The two coils may be connected in series in the following two ways: 

(i) When their fields (or mmfs.) are additive i.e., their fluxes are set-up in the same direction as 
shown in Fig. 1.35 In this case, the inductance of each coil is increased by Mi.e., 

Total inductance, Lj = (Lj + M) + {L^ + M) = L^+L^ + 2M 

(ii) When their fields (or mmfs.) are subtractive i.e., their fluxes are set-up in opposite direction as 
shown in Fig. 1.36. In this case, the inductance of each coil is decreased by M, i.e., 

Total inductance, Lj = - M) + {L^ - M) = Lj H- Lj - 2 M 

Note: It may be noted that direction of fieid produced by acoii is denoted by piacing a Dot at the side 
at which current enters (or fiux enters the core), see Fig. 1.35 and 1.36. 



Fig. 1.35 inductances in series having fieid in Fig. 1.36 inductances in series with fieid in 
same direction opposite direction 

Inductances in parallel: The two coils may be connected in parallel in the following two ways: 

(i) When the fields (or mmfs.) produced by them are in the same direction as shown in Fig. 1.37. 

. ELj - 

Total inductance, L^. = —-—^--— 

^ L| -(- Lj - 2M 


01 • 01 



Fig. 1.37 inductances connected in paraiiei fieids Fig. 1.38 inductances in paraiiei fieids are in 
are in same direction opposite direction 
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(ii) When the fields (or mmfs.) produced by them are in the opposite direction as shown in Fig. 1.38. 


Total inductance, = 


Z.| + Z.2 + 2.M 


Example 1.23 

A coil has 1500 turns. A current of 4 A causes a flux of 8 mWb to link the coil. Find the self inductance 
of the coil. 


Solution: 

Inductance of the coil, L = 


where 


N = 1500; = 8 X 10-^ Wb and / = 4 A. 


L ■■ 


1500 X 8 X 10 


-3 


: 3 H (Ans) 


Example 1»24 

Calculate the value of emf induced in circuit having an inductance of700 micro-henry if the current 
flowing through it varies at a rate of5000 A per second. 

Solution: 

Inductance of the coil, L = 700 x 10 ® H 

Rate of change of current, ^ = 5000 A/s 

Magnitude of emf induced in the coil, 

e = L ^ = 700 X 10 ® X 5000 = 3-5 V {Ans.) 
dt 


Example 1.25 

An air cored solenoid has 300 turns its length is 25 cm and its cross section is 3 cm^. Calculate the 
self-inductance is henry. 


Solution: 


No. of turns of the solenoid, N = 300 

Length of solenoid, / = 25 cm = 0-25 m 
Area of cross section, a = 3 cm^ = 3 x 10^“* m^ 
For air core, p = 1 


L = 




Nf 

I 


U a iXqUi. 

300 x 300 
0-25 

0-1375 mH {Ans) 


a Mo 


x 3 x 10"^ xAk x 10“’ 


Inductance of the solenoid. 
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Example 1.26 

Calculate the inductance of toroid, 25 cm mean diameter and 6.25 cm^ circular cross-section wound 
uniformly with 1000 turns of wire. Hence calculate the emf induced when current in it increases at 
the rate of 100 A/second. 


Solution: 

Inductance of the toroid, L = -j- X ajl^jl^ 

where, No. of turns, N = 1000 turns 

Mean length I = nD = 0-25 Km\ 

Area of cross-section, a = 6-25 x 10 vc? and 
Relative permeability, 11 ^= \ 

L = (1000)2 X 6-25 X 10-4 x 4 n x 10-^ x 1/0-25 n 
= 1 m H {Ans) 

Induced emf, e = L ^ = 1 x 10-^ x 100 = O'l V {Ans) 
dt 

Example 1»27 

The iron core of a choke has mean length 25 cm with an air gap of 1 mm. The choke is designed for 
an inductance of 15 H when operating at a flux density of 1 Wb/m^. The iron core has a relative 
permeability of 3000 and 8 cm^ area of cross-section. Determine the required number of turns of 
the coil. 


Solution: 

Inductance of the coil, L = N^ISj. 

where Sj is the total reluctance of the magnetic circuit 

ajXQjX^ ajx^ 

= --—- - = 1077612 AT/Wb 

8xl0"‘x4n:xl0“2x3000 8xl0"^ x4n:xl0“2 

Now N = ^LSj = sl\5 X 1077612 = 4020-5 turns (Ans) 


Example 1.28 

Two coils have a mutual inductance of 0-6 H. If current in one coil is varied from 4 A to 1 A in 0-2 
second, calculate (i) the average emf induced in the other coil and (ii) the change afflux linking the 
later assuming that it is wound with 150 turns. 


Solution: 


e = M 


df 

dt 


Mutually induced emf, 
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where, 


M = 0-6 H;(i/j=4-l = 3A and dt = 0-2 s 
= 0-6 X 3/0-2 = 9 V (Ans.) 


Now, 


= /V, 


dtj) 


12 


Change of flux with second coil, dcf). 


dt 

.xdt 


12 


/Vo 


9x0-2 

150 


12 mWb (Ans.) 


Example 1.29 

Two coils having 100 and 50 turns respectively are wound on a core with (t = 4000 (tg. Effective core 
length = 60 cm and core area = 9 cm^. Find the mutual inductance between the coils. 


Solution: 


We know that. Mutual Inductance M = —- 

where, /Vj = 100; = 50; (t = 4000 / = 60 cm = 60 x 10“^ m; a = 9 cm^ = 9 x 10“ ^ 


M = 


100x50x4000|toX9xlO“'‘ 

60x10”^ 


100 x 50 x 4000 x 4^0 x 9 x 10^ 
60 x 10“^ 


= 37-7 mH (Ans.) 


Example 1.30 

A wooden ring has mean diameter of 150 mm and a cross-sectional area of250 mrn^. It is wound with 
1500 turns of insulated wire. A second coil of900 turns in wound on the top of the first. Assuming 
that all flux produced by the first coil links with the second, calculate the mutual inductance. 


Solution: 

J ^ 1^2 

Mutual-inductance, M = —a Pq 

where, Aij = 1500; /V 2 = 900; I = n D = 0-15 nm; a = 250 x 10 ® m^; = 1 

M = x 250 x 10^® x 4n: x 10“’ x 1 = 0-9 m H (Ans) 

9.\5n 


Example 1.31 

Two coils A and B of600 and 1000 turns respectively are connected in series on the same magnetic 
circuit of reluctance 2 x 70® AT/Wb. Assuming that there is no flux leakage, calculate (i) self¬ 
inductance of each coil; (ii) mutual inductance between the two coils. 

What would be the mutual inductance if the co-efficient of coupling is 75%. 

Solution: 

Lj = / S 


Self inductance of coil A. 
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where 

Similarly, 

Mutual inductance, 

when 

when 


Alj = 600 and S = 2 X 10® AT/Wb. 

Lj = (600)2/2 X 10® = 0-18 H (Ans) 

Lj = (1000)2/2 X 10® = 0-5 H {Ans.) 

M= 

yt = 1; M = 1 Vo. 18 X 0.5 = 0-3 H {Ans.) 
k = 0-75; M = 0-75 V0.18 x0.5 = 0-225 H {Ans) 


Example 1.32 

Two air-cored coils are placed close to each other so that 80% of the flux of one coil links with the 
other. Each coil has mean diameter of 2 cm and a mean length of 50 cm. If there are 1800 turns of 
wire on one coil, calculate the number of turns on the other coil to give a mutual inductance of 15 mH. 


Solution: 


Reluctance, S = - - -=- — - = 1-2665 x 10^ AT/Wb 

fl/ioMr ^x(0 02)^x4n:xl0“^xl 

Now Lj = Nf / S and L.^ = n\ ! S 

7^1 ^2 = ^1 

Also M = k.jLf^ = yfe Aj N^/S 

where M = 15 x 10 “^ fj; Aj = 1800; k = 0-8; 


15 X 10-2 = 0-8 X 1800 X N2/1-2665 x 10‘^ 


^2 = 


15x10"^xl -2665x10^ 
0-8x1800 


= 13193 turns {Ans.) 


Example 1.33 

Two coils with negligible resistance and of self inductance of 0-2 H and 0-1 H respectively are 
connected in series. If their mutual inductance is 0-1 H, determine the effective inductance of the 
combination. 


Solution: 

Total inductance of the two coils when connected in series; 

L = Lj+L2±2M = 0-2 + 0-1 + 2 X 0-1 = 0-5 H or 0-1 H {Ans.) 


Example 1.34 

The combined inductance of two coils connected in series is 0-6 H and 0-1 H depending upon the 
relative direction of currents in the coils. If one of the coils when isolated has a self inductances of 
0-2 H, calculate the mutual inductance of the coils and the self inductance of the other coil. 
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Solution: 

The combined inductance of the two coils when connected in series; 

(a) having their field additive = Lj + L 2 + 2M = 0-6 ...(0 

(b) having their fields subtractive = Lj + Lj - 2M = OT ...(H) 

Subtracting equation (ii) from (i), we get, 

4M = 0-5 or M = 0-125 H (Ans.) 

From equation (ii); L^ + L^-2'< 0125 = 0-1 or L^+ L^ = 0-35 H 
Self inductance of one coil, Lj = 0-2 H 

Self inductance of second coil, = 0-25 - 0-2 = 0-15 H (Ans.) 


Example 1.35 

Two coils of self inductance 120 mH and 250 mH and mutual inductance of 100 mHare connected in 
parallel. Determine the equivalent inductance of combination if(i) mutual flux helps the individual 
fluxes and (ii) mutual flux opposes the individual fluxes. 


Solution: 

(i) When mutual flux helps the individual fluxes; 


Li L2 - 

L| + L 2 - 2M 


120 x 250-(100)^ 
120 + 250-2x100 


= 117-65 m H (Ans.) 


(ii) When mutual flux opposes the individual fluxes. 


L1L2 - 

L| + L 2 + 2M 


120 X 250 - (100)^ 
120 + 250 + 2 X 100 


= 35-088 m H (Ans) 


1.23 Energy Stored in a Magnetic Field 

When some electrical energy is supplied to a coil, it is spent in two ways: 

(i) A part of it is spent to meet 1^ R loss which is dissipated in the form of heat and cannot be 
recovered. 

(ii) The remaining part is used to create magnetic field around the coil and is stored in the magnetic 
field. When this field collapses, the stored energy is released by the coil and is returned to the 
circuit. 

The energy stored in the magnetic field is given by the expression: 

1 2 

Energy stored in magnetic field = 2 ^ ^ 


Example 1.36 

A solenoid of 1 m in length and 10 cm in diameter has 5000 turns. Calculate the energy in the 
magnetic field when a current of 2 A flows in the solenoid. 
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Solution: 

Inductance of the solenoid, L = -j- X 

where, N = 5000; a = n (filA = 25 n x 10^“* m^; 1 = 1 m; = 1. 

L = (5000)2 X 25 Tt X 10-4 x 4 n x 10-’ x 1/1 = 0-2467 H 

Energy stored = = ^xO • 2467x(2)2 = 0-4934 J {Ans) 


1.24 AC Excitation in Magnetic Circuits 


To magnetise the magnetic circuits of electrical devices such as transformers, AC machines, 
electromagnetic relays, etc., AC supply is used. The magnetisation of magnetic circuits is called 
their excitation. 


The magnetic circuits are never excited by DC supply, because in case of DC excitation the steady- 
state current is determined by the impressed voltage and resistance of the circuit. The inductance 
of the coil comes into picture only during transient period i.e., when the current is building-up or 
decaying during switching {ON or OFF) instants. The magnetic flux in the magnetic circuit adjusts 
itself in accordance with this steady value of current so that the relationship imposed by magnetisation 
(B-H) curve in satisfied. However, with AC excitation, inductance comes into picture even at steady- 
state condition. As a result for most of the magnetic circuits (not for all) the flux is determined by the 
impressed voltage and frequency. Then the magnetisation current adjusts itself in accordance with 
this flux so that the relationship imposed by the magnetisation {B-H) curve is satisfied. 

Usually, for economic reasons, the normal working flux density in a magnetic circuit is kept 
beyond the linear portion of the magnetisation curve thus accurate analysis cannot be predicted for 
determining self inductance. However, for all practical purposes the parameters of the magnetic 


circuit are considered to be constant. 

The reactive effect of the alternatively flux set¬ 
up by the exciting current can readily be shown 
as per Faraday’s laws i.e., 



Consider a magnetic core which is excited 
by a coil (winding) having N turns and carrying 
a current of i ampere as shown in Fig. 1.39. A 
magnetic flux cj) is set-up by the exciting current 
i. Let the magnetic flux cj) varies sinusoidally with 
respect to time f, then its instantaneous value is 
given by the relation; 


Magnetic 

circuit 



(!>= (j)^ sin cot = (j)^ sin In ft 


-(0 
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where, cj)^ = maximum value of alternating flux 

/ = frequency of supply impressed across the coil. 
The induced emf in the coil 


K cos 2n/t = 2nfN (j>^ sin [inft + 


The value of induced em/will be maximum when cos 2nft = 1, therefore 
E =2nfN(p 

m -Jim 


Its effective or r.m.s. value. 


£ ^ Em ^ 

V2 V2 


= 4-44/iV^^ 


Equation (i) and (ii) reveal that the induced em/leads the flux and hence the exciting current by 

jr 

— radian or 90°. This induced em/and the coil resistance drop oppose the applied voltage. In case 

of electrical machines, usually the drop in resistance in only a few percent of applied voltage and 
therefore, neglected for close approximation. Thus, the induced emfE and applied voltage V may be 
considered equal in magnitude. 

Example 1.37 

For the AC excited magnetic circuit shown in Fig. 1.40. Calculate the excitation current and induced 
emf of the coil to produce a core flux of 0-6 sin 314 t mWb. 



Fig. 1.40 Magnetic core excited by AC 


Solution: 

Here, 6= d sin o t = 0-6 sin 314 t mWb 

Maximum value of flux, (b = 0-6 mWb = 6 x 10 Wb 

Area of x-section, a = 3 x 3 = 9 cm^ = 9 x 10“"^ nf 

Flux density, B = ^ = ^ ^ = 0.6617 

^ ” a 9x10-4 
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Length of air gap, = 1-5 mm = 1-5 x 10 ^ m 

Length of iron path, 1. = |25 - 2x^ + 35-2x^jx2-0.15 = 107 • 85cm 
= 1-0785 m 
S B 

Total ampere-turns required, AT = —^ L -i- — L 

” 1^0 ® 

_ 0 ■ 667x1 ■ 5xl0~^ ^ 0 -667x1 0785 
4n:xl0“^ 4n:xl0“^x3775 

= 796-3 -H 151-7 = 948 

Maximum value of excitation current required. 


RMS value of excitation current, 

^rms ~ 

RMS value of induced emf in the coil, 


_ 948 
N 500 


1-896 A 


^ 1-896 
V2 1-414 

= 4-44/N^^ 


= 1'34 A (Ans.) 


4 - 44 X 4^ X 500 X 0 - 6 X 10“^ = 66-57 V (Ans.) 
2 k 


1.25 Eddy Current Loss 

When a magnetic material is subjected to a changing (or alternating) magnetic field, an emf is 
induced in the magnetic material itself according to Faraday’s laws of electro-magnetic induction. 
Since the magnetic material is also a conducting material, these emfs. circulate currents within the 
body of the magnetic material. These circulating currents are known as eddy currents. As these 
currents are not used for doing any useful work, therefore, these currents produce a loss (f R loss) 
in the magnetic material called eddy current loss. Like hysteresis loss, this loss also increases the 
temperature of the magnetic material. The hysteresis and eddy current losses in a magnetic material 
are called iron losses or core losses or magnetic losses. 

A magnetic core subjected to a changing flux is shown in Fig. 1.41. For simplicity, a sectional 
view of the core is shown. When changing flux links with the core itself, an emf is induced in the 
core which sets-up circulating (eddy) currents (i) in the core as shown in Fig. 1.41 (a). These currents 
produce eddy current loss (fi R), where i is the value of eddy currents and R is resistance of eddy 
current path. As the core is a continuous iron block of large cross-section, the magnitude of i will be 
very large and hence greater eddy current loss will result. 

To reduce the eddy current loss, the obvious method is to reduce magnitude of eddy currents. This 
can be achieved by splitting the solid core into thin sheets (called laminations) in the planes parallel 
to the magnetic field as shown in Fig. 1.41 (b). Each lamination is insulated from the other by a fine 
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layer of insulation (varnish or oxide film). This arrangement reduces the area of each section and 
hence the induced emf It also increases the resistance of eddy currents path since the area through 
which the currents can pass is smaller. This loss can further be reduced by using a magnetic material 
having higher value of resistivity (like silicon steel). 



(a) Solid core 



(b) Laminiated core 


Fig. 1.41 Production of eddy currents 


Useful Applications of Eddy Currents 

It has been seen that when the affects of eddy currents (production on heat) are not utilised, the 
power or energy consumed by these currents is known as eddy current loss. However, there are the 
places where eddy currents are used to do some useful work e.g., in case of Induction heating. In this 
case, an iron shaft is placed as a core of an inductive coil. When high frequency current is passed 
through the coil, a large amount of heat is produced at the outer most periphery of the shaft by eddy 
currents. The amount of heat reduces considerably when we move towards the centre of the shaft. 
This is because outer periphery of the shaft offers low resistance path to eddy currents. This process 
is used for surface hardening of heavy shafts like axils of automobiles. 

Eddy current effects are also used in electrical instrument e.g., providing damping torque in 
permanent magnet moving coil instruments and braking torque in case of induction type energy meters. 

Mathematical Expression for Eddy Current Loss 

Although it is difficult to determine the eddy current power loss from the current and resistance 
values. However, experiments reveal that the eddy current power loss in a magnetic material can be 
expressed as: 

F = Twatt 

where, = co-efficient of eddy current, its value depends upon the nature of magnetic material; 

= maximum value of flux density in Wb/m^; 
t = thickness of lamination in m; 

/ = frequency of reversal of magnetic field in Hz; 

V = volume of magnetic material in m^. 
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Section Practice Problems 


Numerical Problems 


1. A current of 8 A through a coil of 300 turns produces a flux of 4 m Wb. If this current is reduced to 2 A 
in 0-1 second, calculate average emf induced in the coil, assuming flux to be proportional to current. 

(Ans. 9 V) 

2. Estimate the inductance of a solenoid of 2500 turns wound uniformly over a length of 0-5 m on a cylindrical 

paper tube 4 cm in diameter. The medium is air. (Ans. 1974 m H) 

3. Calculate the inductance of a toroid 25 cm mean diameter and 6-25 cm^ circular cross-section wound 

uniformly with 1000 turns of wire. Also determine the emf induced when a current increasing at the rate 
of 200 A/s flows in the winding. (Ans. 1 m H; 0-2 V) 

4. Two coils having turns 100 and 1000 respectively are wound side by side on a closed iron circuit of cross- 
sectional area 8 cm^ and mean length 80 cm. The relative permeability of iron is 900. Calculate the mutual 
inductance between tbe coils. What will be the induced emf in the second coil if current in the first coil is 
increased uniformly from zero to 10 A in 0-2 second? (PTU.) (Ans. 0-113 W; 56-5 V) 

5. Two identical coils, when connected in series have total inductance of 24 H and 8 H depending upon 

their method or connection. Find (/) self-inductance of each coil and (//) mutual inductance between the 
coils. (Ans. SW,'4 W) 

6. Two coils of self inductance 100 mH and 150 mH and mutual inductance 80 mH are connected in parallel. 

Determine the equivalent inductance of combination if (/) mutual flux helps the individual fluxes (/;') mutual 
flux opposes the individual fluxes. (Ans. 95-56 mH', 20-97mH) 

7. A current of 20 A is passed through a coil of self-inductance 800 m H. Find the magnetic energy stored. 

If the current is reduced to half, find the new value of energy stored and the energy released back to tbe 
electrical circuit. (Ans. 160J,40J, 120 J) 

Short Answer Ty pe Questions 

Q.1. What do you understand by electromagnetic induction? 

Ans. The phenomenon by which an emf is induced in an electric circuit (or conductor) when it cuts across 
the magnetic field or when magnetic field linking with it changes is called electro-magnetic inductions. 
This phenomenon was discovered by Faraday. 

Q.2. Define Faraday’s laws of electromagnetic induction. 

Ans. I Law: Whenever the flux linking with a coil or circuit changes, an emf is induced in it 

II Law: The magnitude of induced emf in a coil is directly proportional to rate of change of flux linkages. 


where e- Induced emf in volt 
N- Number of turns 

^ - rate of change of flux. 

Minus sign due to Lenz’s law. 
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Q.3. State Fleming’s Right hand rule as well as Fleming’s Lett hand rule. 

Ans. Fleming’s Right hand rule: This law states that if one stretches the thumb, fore finger and middle finger 
of the right hand at right angles to each other in such a way that the thumb points in the direction of 
the motion of the conductor, the fore finger in the direction of the flux (from north to south) then the 
middle finger will indicate the direction of the induced emf in the conductor. 

Fleming’s Left Hand Rule: Stretch thumb, fore-finger and middlefingerof your left hand at right angles 
to each othersuch that the fore finger points the direction of magnetic field (from north to south) and the 
middle finger gives the direction of current in the conductor, then the thumb will indicate the direction 
in which the force will act on the conductor. 

Q.4. State right hand cork screw rule. 

Ans. Hold the cork and place the right handed screw over it, now rotate it in such a way that it advances 
in the direction of flow of current. The direction in which the screw is rotated gives the direction of 
magnetic lines of force around the current carrying conductor. 

Q.5. What do you mean by dynamically induced emf? 

Ans. Either the magnetic field is stationary and the conductor is moving or the conductor is stationary and 
the flux is moving so that flux is cut by the conductor, an emf is induced in it. The emf induced in this 
way is known as dynamically induced emf. (e.g., emf generated in a DC generator). 

Q.6. Define self inductance and give its unit. 

Ans. The property of a coil due to which it opposes the change of current flowing through it is called self 
inductance. It refers to the ability of the coil to induce emf when current through it changes. Its unit is 
Henry. 

Q.7. Distinguish between self induced and mutually induced emf. 

Ans. The emf induced in a coil due to change of flux produced by it linking with its own turns is called self 
induced emf 

The emf induced in a coil due to change of flux produced by the neighbouring coil linking with it is 
called mutually induced emf 

Q.8. Does inductance play any role in DDcircuit? 

Ans. The role of inductance is only during the opening and closing of a DCcircuit. It delays the rise of current 
during closing and delays the fall of current during opening. If in a DC circuit, the current reaches at 
its steady value, the circuit does not exhibit any inductance. 

Q.9. Wbat is a closed circuit? 

Ans. The complete path for the flow of current through the load is known as a closed circuit. 

Q.10. Wbat is a short circuit? 

Ans. If the supply mains are connected directly by a piece of wire without any load, it is known as short 
circuit. In these circuits, the value of the current is much greater than in the closed circuit. So the fuse 
melts. 

Q.11. What is the type of energy being stored in a capacitor? 

Ans. When a capacitor is charged, an electro-static field is set-up in between the plates. Thus electrical 
energy is stored in the electrostatic field set-up between the plates of the capacitor 
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1.26 Electro-mechanical Energy Conversion Devices 

(Motors and Generators) 

A device (machine) which makes possible the conversion of energy from electrical to mechanical 
form or from mechanical to electrical form is called an Electromechanical energy conversion 
device or Electromechanical transducer. 

Depending upon the conversion of energy from one from to the other, the electro-mechanical 
device can be named as motor or generator. 

1. Motor: An electro-mechanical device (electrical machine) which converts electrical energy 
or power (El) into mechanical energy or power (coT) is called a motor. 



Fig. 1.42 Motor 

Electric motors are used for driving industrial machines e.g., hammer presses, drilling machines, 
lathes, shapers, blowers for furnaces etc., and domestic appliances e.g., refrigerators, fans, water 
pumps, toys, mixers etc. The block diagram of energy conversion, when the electro-mechanical 
device works as a motor, is shown in Fig. 1.42. 

2. Generator: An electro-mechanical device (electrical machine) which converts mechanical 
energy or power (co T) into electrical energy or power (EE) is called generator. 



Fig. 1.43 Generator 

Generators are used in hydro-electric power plants, steam power plants, diesel power plants, 
nuclear power plants and in automobiles. In the above said power plants various natural sources 
of energy are first converted into mechanical energy and then it is converted into electrical 
energy with the help of generators. 

The block diagram of energy conversion, when the electro-mechanical device works as a 
generator, is shown in Fig. 1.43. 

The same electro-mechanical device is capable of operating either as a motor or generator 
depending upon whether the input power is electrical or mechanical (see Fig. 1.44). Thus, the motoring 
and generating action is reversible 
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(Motor) 



(Generator) 
Reversible action 


Fig. 1.44 Same machine can work as a generator or motor 


The conversion of energy either from electrical to mechanical or from mechanical to electrical 
takes place through magnetic field. During conversion, whole of the energy in one form is not 
converted in the other useful form. In fact, the input power is divided into the following three parts; 

(t) Most of the input power is converted into useful output power. 

(ii) Some of the input power is converted into heat losses (fiR) which are due to the flow of current 
in the conductors, magnetic losses (hysteresis and eddy current losses) and friction losses. 

(Hi) A small portion of input power is stored in the magnetic field of electro-mechanical device. 


1.27 Torque Development by the Alignment of Two Fields 

To understand the process of torque development by the alignment of two fields, the following cases 
may be considered: 

(i) Soft iron piece placed in the magnetic field. 

(ii) Permanent magnet placed in the magnetic field. 

(Hi) Electromagnet placed in the magnetic field. 

1.27.1 Soft Iron Piece Placed in the Magnetic Field 

Consider a soft iron piece, capable of free rotation, placed in the magnetic field of two permanent 
magnets (see Fig. 1.45). The magnetic lines of force are set up in the soft iron piece as shown in Fig. 
1.45. The molecular poles get aligned parallel to the magnetic field due to magnetic induction. The 
soft iron piece obtains the polarities as marked in Fig. 1.45. This is the stable position of the soft iron 
piece. Torque produce in this case is zero. 



Fig. 1.45 Stable position of soft iron piece 
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Fig. 1.46 Torque development at various positions of soft iron piece placed in the magnetic field 

If the soft iron piece is rotated through an angle 9{9< 90°), then by magnetic induction ends A 
and B become North and South poles respectively. A force of attraction acts on the two ends and 
the soft iron piece will try to come in line with the main field i.e., the position of least reluctance 
path. This anticlockwise torque tries to decrease the angle 9 and is considered as negative. [See 
Fig. 1.46 (fl)]. When soft iron piece is rotated through an angle 9= 90°, an equal force of attraction 
and repulsion acts on each end of short iron piece [see Fig. 1.46 (b)}, therefore, torque produced is 





Electro Magnetic Circuits 


51 


zero. This is the unstable position of the soft iron piece, because a slight change in angle 6 in either 
direction will create a torque in that direction. When soft iron piece is rotated through an angle 6 
(9 > 90°), then by magnetic induction ends A and B become South and North poles respectively. A 
force of attraction acts on the ends and soft iron piece will try to come in line with the main field. 
This clockwise torque tries to increase the angle 0and is considered as positive [See Fig. 1.46 (c)]. 

When soft iron piece is rotated through an angle 9 = 180°, then by magnetic induction ends A and 
B will obtain South and North polarity respectively [see Fig. 1.46 (t/)]. There is a force of attraction 
at ends A as well as at B of soft iron piece which being equal and opposite cancel each other. In this 
position, torque produced is zero. This is the stable position, because any change in angle 9 will 
create a torque which will tend to restore it position. 

Following the similar explanation, the torque produced in the soft iron piece for various positions 
between 180° to 360° i.e., 180° <9< 360° can be determined. 

When 270° > 9> 180°, torque produce is negative (anticlockwise) as shown in Fig. 1.46 (e). 

When 9 = 270°, torque produced is zero, and it is an unstable position as shown in Fig. 1.46 if). 

When360° > 9> 270°, torque produced is positive (clockwise) as shown in Fig. 1.46 (g). 

When 9 = 360°, torque produced is zero and it is a stable position. 

In fact, when a soft iron piece is placed in the magnetic field, by magnetic induction iron piece 
is magnetised. The magnetised iron piece produces its own field, the axis of that field is shown by 
arrow head F^. The axis of the main magnetic field is shown by the arrowhead F^. The rotor field 
F^ tries to come in line with F^ due to which torque develops. Hence, it can be said that torque is 
developed by the alignment of two fields. 

The angle between two magnetic fields on which torque depends is called torque angle. This 
torque angle is measured with respect to the direction to the direction of rotation of soft iron piece. 

Thus, it is concluded that the torque is a function of torque angle 9. The variation of torque with 
respect to angle 0is shown in Fig. 1.47. 



1.27.2 Permanent Magnet Placed in the Magnetic Field 

Consider a permanent magnet capable of free rotation, placed in the magnetic field of two permanent 
magnets as shown in Fig. 1.48 (a). There is a force of attraction on north and south pole of the rotating 
magnet, which being equal and opposite cancel each other. In this position, torque produced is zero 
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because the field of rotating magnet Fr and the field of stationary permanent magnet Fm are in line 
with each other. 

When the rotating magnet in rotated through in angle 9 (0being less than 90°, equal to 90° more 
than 90° but less than 180°), its north pole will be attracted towards the south pole and south pole 
will be attracted towards the north pole of permanent stationary magnets [see Fig. 1.48 {b), (c) and 
id) respectively]. In other words, we can say that the rotor field F^ tries to come in line with main 
field F^ and torque is developed. This anticlockwise torque is considered as negative, because it is 
decreasing the torque angle 9. 

When the permanent rotating magnet is rotated through an angle 9 = 180°, the two field F^ and 
F^ are in line with each other but acting in opposite direction [see Fig. 1.48 (e)], therefore, torque 
developed is zero but this is the unstable position because slight change in angle 9 'm either direction 
will create a torque in that direction and the rotor will not regain its original position. 



270 ° > 0 > 180 ° 
(f) 


Fig. 1.48. Contd. 
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(i) 0) 

Fig. 1.48 Permanent magnet in magnetic fieid 


When the permanent rotating magnet is rotated through an angle 0more than 180°, but less than 
360° (i.e., 0is less than 270°, equal to 270°, more than 270°), its north and south poles will be attracted 
towards the south and north poles of the permanent stationary magnets respectively [see Figs. 1.48 
(/), (g) and (k) respectively]. In other words, will try to come in line with and thus torque is 
developed. This clockwise torque is considered as positive, because it is increasing the torque angle 6. 

The maximum negative or positive torque is produced on the rotating permanent magnet when 
angle 6= 90° or 0= 270° (-90°) respectively, because at these positions, there is maximum force of 
attraction or repulsion acting on the rotating magnet. 

When rotating, permanent magnet is rotated through an angle 6 = 360°, two field F^ and F^ are 
in line with each other [see Fig. 1.48 (/)]. Therefore, the torque developed is zero. This is the stable 
position because any change in angle 0 will develop a torque which tends to restore its original position. 

Thus, it is concluded that the torque is produced due to the alignment of two fields. 

The angle between the two magnetic fields on which torque depends is called Torque angle. This 
torque angle is measured with respect to the direction of rotation of rotating magnet. 

The torque produced in the rotating magnet is a function of torque angle 6. The variation of torque 
with respect angle 0is shown graphically in Fig. 1.48 (J). 

1.27.3 Electromagnet Placed in the Magnetic Field 

Consider an electromagnet, free to rotate about its axis, is placed in the magnetic field of permanent 
magnets. When the field produced by the electromagnet Fr is in the same direction as that of the main 
field produced by the stationary permanent magnets Fm, the torque produced is zero [see Fig. 1.49 (a)]. 

When the electromagnet is rotated through an angle 6 = 90°, the axis of the rotor field F^ will 
make an angle of 6= 90° with the main field F^. The rotor field F^ will try to come in line with the 
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main field F^, and produces an anticlockwise torque [see Fig. 1.49 {b)]. This torque is considered as 
negative because it reduces the torque angle 9. 

When the electromagnet is rotated through an angle 9 = 270°, the rotor field will try to come 
in line with the main magnetic field F^, therefore, a clockwise torque will be produced [see Fig. 1.49 
(c)]. This torque is considered as positive because it increases the torque angle 9. 



Fig. 1.49 Electromagnet in the field of permanent magnets 


When torque angle 9 is between zero and 180°, the torque produced is negative, whereas when 
9 is between 180° to 360°, the torque produced is positive. When torque angle 9 = 90° or 9= 270° 
(-90°), torque produced is maximum negative or maximum positive respectively. 

Thus, it is conclude that the variation of torque with respect to torque angle 9 is similar to that 
in the case of permanent rotating magnet placed in the magnetic field of permanent stationary 
magnet[see Fig. 1.48 (j)]. 

The torque produced in this case is called an electromagnetic torque (TJ. 


1.28 Production of Torque 

The torque produced by the alignment of two fields (i.e., rotor field and stationary main field) varies 
in magnitude and direction depending upon the torque angle 9. Let us see, the effect of torque angle 
9 on the torque produced in the following cases: 

(f) In case of permanent magnet 
(ii) In case of electromagnet. 
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1.28.1 In Case of Permanent Magnet 

Consider a permanent magnet A, which is free to rotate about its axis. Let it be placed in the magnetic 
field of another permanent magnet B as shown in Fig. 1.50. Let, 

6 = angle between the axis of two fields and F^. 

I = length of magnet A. 

r = radius of circle in which rotation takes place. 

F = force acting on north and south pole of magnet A. 

Torque = Force x Perpendicular distance. 

In the right angled triangle "oab’, ab = oa sin 6 
Distance perpendicular to force, ab = r sin 9 
Torque = 2F x r sin 0 

or T = 2F X ^ sin 9 [_r = I! 2) 

or T = FI sin 9 Where F is force of attraction, F = — ^ 1^2 

AnfiQii^tr 

or T = Ksin 9 {where K = F x lis constant} 

or T a sin 9 

The maximum torque will be produced when 9 = 90° as said earlier. 



1.28.2 In Case of Electromagnet 

Consider an electromagnet, having only one coil carrying current. The axis of the field produced 
by electromagnet Fr and axis of the main field produced by the permanent stationary magnet Fm 
are shown in Fig. 1.51. The angle between the two fields is q. Due to alignment of two fields torque 
is developed. 
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Fig. 1.51 Torque produced at an instant when an electromagnet is placed in a uniform magnetic field. 

The production of torque can also be explained by the concept of electromagnetic force acting on 
the current carrying conductor placed in the magnetic field. 

Let, F = Force acting on the two conductors. 

r = radius of circle in which conductor rotates. 

9 = angle between the field and F^. 

Torque = Force x Perpendicular distance. 

In a right angle triangle, angle aob = 9 

Distance perpendicular to force, ab = oa sin 9 
= r sin 0 

Total torque acting on the two conductors, T = 2F^ sin 9 
Where B = Flux density of the main field. 

/ = Current flowing through the conductor. 

/ = Effective length of conductor. 

T = 2BIlr sin 9 

or T = sin 9 [Where, = 2BIlr is a constant] 

or Tx sin 9. 

The magnitude of torque depends upon angle 9, it will be maximum when 9 = 90°. When 9 is 
positive torque is produce in one direction (say anticlockwise), but when it is negative, the torque is 
produced in the other direction (say, clockwise). In fact, the direction of torque depends upon B and 
i. When either of the two is reversed the direction of torque is reversed but if both are reversed the 
direction of torque remains the same. 

The direction of force action on a current carrying conductor when placed in the magnetic field 
can be determined by applying Fleming’s left hand rule. 

Fleming’s Left Hand Rule: Stretch first finger, second finger and thumb of left hand mutually 
perpendicular to each other. If first finger indicates the direction of main magnetic field, second 
finger indicates the direction of flow of current through the conductor, then thumb will indicate the 
direction of fore acting on the conductor. 
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1.29 Production of Unidirectional Torque 

As discussed earlier that by the alignment of two fields torque develops but the torque produced is 
not unidirectional. The unidirectional or continuous torque can be obtained by applying any one of 
the following methods. 



Fig. 1.52. Contd. 
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Fig. 1.52 Production of torque by the rotation of stator poies (or stator fieid) 


1.29.1 By Rotating the Main Magnets 

When the main magnets are rotated, they drag the other magnets free to rotate (or the armature, 
electromagnet) along with it because of the tendency of the field of free rotating magnet or armature 
to align with the field of main magnet. 

Consider a permanent magnet or electromagnet, which is free to rotate and is placed in the magnetic 
field of main magnet as shown in Fig. 1.52 (a and a’)]. Since the axis of the magnetic fields and 
produced by the two magnets is not aligned, a torque develops. Thus, the free magnet rotates by 
an angle 9 in clockwise direction and stays in that position as shown in Fig. 1.52 (b and b'). 

Suppose that the main magnet is further rotated through an angle 6 in the clockwise direction [see 
Fig. 1.52 (c and c’)]. Again torque will develop in the free magnet and rotor rotates through an angle 
6 to obtain the position shown in Fig. 1.52 (d and d’). The main magnet is again rotated through 
some more angle 0(see Fig. 1.52 (e and e’)]. The free magnet will further rotate to obtain the position 
shown in Fig. (/and/’). 

Thus, from the above facts it is concluded that if the main magnet is rotated in a particular direction 
by some angle, the free magnet will also rotate in the same direction by same angle. In other words, 
we can say that the free magnet is dragged by the main magnet. If the main magnet is rotated in 
any direction at a particular speed the free magnet will also rotate at the same speed in the same 
direction. This is the basic principle of synchronous machine. 

1.29.2 By Changing the Direction of Flow of Current in the Conductors of 
Electromagnet 

By changing the direction of flow of current in the conductors of electromagnet (armature) in such 
a manner that the conductors facing a particular main field pole, always have the same direction of 
flow of current. 

Consider an electromagnet (armature) placed in the magnetic field of main poles, as shown in 
Fig. 1.53 (a). The current flowing through the armature conductors is such that the axis of the field 
produced by armature F^ is 90° out of phase to that of main field F^. Due to the alignment of two 
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fields, torque is developed in the armature and it obtains the position as shown in Fig. 1.53 (b). At 
this position rotor (armature) will stop rotating. 


Y 



(a) (b) (c) 

Fig. 1.53 Produced of unidirectional torque by reversing the current in armature conductors 


If the direction of flow of current in the armature conductors is reversed just when they cross the 
Y-Y’ axis (magnetic neutral axis) displaced by an angle 9= 90° to that of main field F^. The torque 
will always be exerted on the armature. Thus a continuous torque can be obtained. This is the basic 
principle of DC machines. The direction of flow of current in the armature conductors is reversed 
by providing commutator on DC machines. 

Example 1.38 

In Fig. 1.54 draw the magnetic lines of force produced by the stator. Mark the polarity of poles, 
direction of stator and rotor field, torque angle and direction of the torque produced. 



Solution: 

For solution, the following steps may be considered; 

1. Stator magnetic field is drawn as shown in Fig. 1.55 by applying right hand thumb rule to stator 
current carrying conductors. 

2. We know that flux leaves the N-poles and enters the S-pole, accordingly polarity of the poles 
is marked in Fig. 1.55. 
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3. The axis and direction of stator field and rotor field are marked by arrows and respectively 
(the axis of the rotor field lies perpendicular to the plane of coil or it lies in between the conductors 
carrying current in opposite direction). 

4. The angle between rotor field F^ and stator field F^ is torque angle represented by 6. 

5. Due to alignment of two fields, rotor field F^ tries to come in line with the stator field F^. Thus 
anticlockwise torque T is produced. 

Example 1.39 

Mark the polarity of poles, direction of torque produced and the torque angle in Fig. 1.56. 




Fig. 1.57 Position of the axis of stator and rotor fieid 


Solution: 

Look at Fig. 1.56, the various quantities are marked adopting the following steps: 

1. Applying right hand thumb rule to stator current carrying conductors, the direction of magnetic 
lines of force is marked, as shown in Fig. 1.57. 

2. As flux leaves the north pole and enters and south pole, accordingly the polarity of the poles is 
marked. 

3. The axis of the stator field and its direction is marked by the arrow head F . 

4. A clockwise field is set-up around the bunch of rotor conductor carrying current inward i.e., © 
and anticlockwise field is set-up around the bunch of rotor conductors carrying current outward 
i.e., ©. Hence axis of the rotor field lies in between the conductors carrying current in opposite 
direction. 

5. Accordingly rotor field axis and its direction is marked by the arrow head F^. 

6. The angle between rotor field and stator field is called torque angle and is marked as 9. 

7. The rotor field F^ tries to come in line with the stator field F^ due to which torque T develops 
in clockwise direction as marked by the arrowhead. 

Example 1.40 

To obtain clockwise torque, mark the direction of flow of current in both the pole windings and on 

the rotor conductors in Fig. 1.58. 
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Solution: 

1. Let the direction of flow of current in pole windings be as marked in Fig. 1.59 

2. Applying right hand thumb mle, mark the polarity of poles, the axis of stator field and its direction as 
F . 

m 

3. Mark the axis of rotor field perpendicular to the plane of rotor coils (see Fig. 1.59). 

4. To obtain clockwise torque mark the direction to rotor field as shown in Fig. 1.59. 

5. To obtain the said direction of rotor field, mark the direction of flow of current in rotor conductors 
applying right hand thumb rule, as shown in Fig. 1.59. 

Example 1.41 

A hollow cylindrical stator contains a solid rotor. Both are 
made of soft iron. One coil carrying current is placed on 
the stator as shown in Fig. 1.60. Ignore the coil shown on 
the rotor. Mark the poles developed on the stator. Draw 
the lines of force. If another coil carrying current is placed 
on the rotor as shown in Fig. 1.60. Will the arrangement 
produce any torque? Give reasons. If the stator is made 
to rotate at N rpm what will the rotor do? 

Solution: Given figure 

Ignoring the rotor coil and applying right hand thumb rule to the current carrying conductors of 
stator the field produced by them is shown in Fig. 1.61. We know that magnetic lines of force leave 
the north pole and enter the south pole, accordingly, the polarity of stator poles is marked in Fig. 1.61. 
Accordingly the direction of stator field (main field) F^ is marked in Fig. 1.61 and 1.62. 

If a current carrying coil is placed on the rotor as shown in Fig. 1.62, the rotor will also become an 
electromagnet. Applying right hand thumb rule to the rotor current carrying conductors the direction 
of rotor field F^ is also marked in Fig. 1.62. 

The two fields F^ and F^ are in line with each other or torque angle 6=0, therefore, the torque 
produced in the rotor by this arrangement will be zero. 
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If the stator or main field is made to rotate at A^rpm in any direction the rotor field will be dragged 
by the main field. Thus, the rotor will also rotate in the same direction and at the same speed i.e., A^rpm 

Example 1.42 

Fig. 1.63 shows a rotor carrying conductors placed inside a stator having four electro-magnetic poles. 
Referring to this figure, answer the following questions by means of neat diagram. 

(a) For the direction of current in the field coils as shown, mark the polarity of each pole. 

(b) For the direction of current in the field coils as shown, mark the direction of current in the rotor 
conductors for clockwise rotation of rotor. 




Fig. 1.64 Stator field and current in rotor conductors 


Solution: 

Applying right hand thumb rule to the stator current carrying conductors the direction of magnetic 
lines of force is marked. Flux leaves the north pole and enters the south pole, accordingly, the polarity 
of the poles is marked in Fig. 1.64 

To obtain clockwise rotation the direction of force, which should act on the rotor conductors is 
marked. By applying Fleming’s left hand rule, the direction of flow current in the rotor conductors is 
marked. The direction of flow of current in rotor conductors which are under the influence of A-pole 
is outward and which are under the influence of ^-pole is inward (see Fig. 1.64). 
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1.30 emf Induced in a Rotating Coil Placed in a Magnetic Field 

Consider a coil AB placed on the outer periphery of a soft iron solid cylindrical rotor. The stator poles 
carry the exciting coils. When current flows through exciting coils flux is set up as shown in Fig. 

1.65. The rotor is rotating in clockwise direction at constant angular velocity of co radians/sec. The 
direction of linear velocity (perpendicular to the plane of coil) acting on conductor A is shown in Fig. 

1.66, which makes an angle 0 with the direction of field. The component of velocity perpendicular 
to the field is v = v sin 6. 

p 




Fig. 1.66 Motion of conductor with respect to fieid 


The emf induced in conductor A, e = Blv sin 0 

Where, B = flux density in the rotor in Tesla 

/ = effective length of the conductor in metre 
As the coil has two conductors only, 

emf induced in the coil at this instant, 
e = 2 Blv sin 9 

If coil has N number of turns then, 
emf induced in coil = 2NBlv sin 6 

If the angle between the plane of the coil and direction of magnetic field is a, then component of 
velocity perpendicular to the field v^ = v cos a (see Fig. 1.66). 

The emf induced in the coil, e = 2N Blv cos a 

The direction of induced emf in conductor A and B can be determined by applying Fleming’s 
Right Hand Rule or Lenz’s Law. 

By applying Fleming’s Right Hand Rule to conductor A, which is moving downward, the induced 
emf is out of the plane of paper [©], whereas conductor B is moving upward and the induced emf is 
into the plane of paper [©]. 

According to Lenz’s Law, we can say that when coil is rotating in clockwise direction the flux 
linkages are decreasing [see Fig. 1.67 (a)]. Thus the emf induced in the coil would have the direction 
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such that the magnetic flux produced by its current tends to oppose the decreasing flux linkages i.e., 
the coil will set up the field which will increases the flux linking with the coil [see Fig. 1.67 (&)]. 



Fig. 1.67 Field produced by the rotor conductors 


The magnitude of induced emf depends upon sine of angle 9. The emf induced in the coil at 
position (a), (e) and (r) in Fig. 1.68 is zero and at position (c) and (g) it is maximum. The variation of 
emf with respect to angle 0is shown graphically in Fig. 1.69. 



Fig. 1.68 emf induced in a coii of various insfants 



Fig. 1.69 Wave diagram of induced emf 
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The above arguments regarding the magnitude and direction of the emf induced are equally 
applicable if the main magnetic field is rotating and the coil is kept stationary. 

Example 1.43 

Mark the direction of emf in the conductor of the rotor of fig 1.70. when the rotor moves: 

(i) in the clockwise direction; 

(ii) in the anticlockwise direction 



Solution: 

Applying right hand thumb rule to the current carrying conductors of stator, the direction of magnetic 
lines of force is shown in Fig. 1.71 and 1.72. Accordingly the polarity of the poles is marked. 

(i) When rotor is rotating in clockwise direction see Fig. 1.71, the direction emf induced in the 
rotor conductors is marked by applying Fleming’s right hand rule to the conductors directly 
under the influence of north and south pole. The emf induced, in all the conductors under the 
influence of north-pole is in one direction i.e., © whereas, the emf induced in all the conductors 
under the influence of south pole is in other direction i.e., ©. 



Fig. 1.71 Induced emf in rotor Fig. 1.72 Induced emf in rotor conductor for 
conductors for clockwise rotor anticlockwise rotor 

(ii) Similarly, by applying Fleming’s right hand rule to the rotor conductors rotating in anticlockwise 
direction, the direction of induced emf is marked in them as shown in Fig. 1.72. 
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The emf induced in the rotor conductors placed on the magnetic neutral axis (i.e., X-axis) is zero, 
because at this position the conductor move parallel to the magnetic lines of force. 

Example 1.44 

A coil is rotating in clockwise direction in a two pole magnetic 
field. With the help of a neat diagram show what will be the 
direction of the induced emf in the coil? Show on the diagram 
the polarity of the poles and the direction of rotating of the coil. 

Solution: 

A coil AB is placed in the magnetic field [see Fig. 1.73]. The 
polarity of the poles, direction of magnetic field and direction 
of rotation (clockwise) is marked in Fig. 1.73. 

Applying Fleming’s right hand rule, the direction of emf 
induced in conductor A, which is under the influence of A-pole, is 
into the plane of paper. Whereas, in conductor B, which is under 
the influence of ^-pole, is out of the plane of paper as marked in 
Fig. 1.73. 

Example 1»45 

The rotors of Fig. 1.74 and 1.75 are each rotating in anti-clockwise direction, Mark in each case: 

(i) The direction of emf induced in the stator coils. 

(ii) The coils sides which belong to the same stator coils. 



Fig. 1.73 Direction of main field 
and direction of induced emf 



Fig. 1.74 Given figure 


Fig. 1.75 Given figure 


Solution: 

Applying right hand thumb rule to the rotor current carrying conductors of Fig. 1.74 the field produced 
is shown in Fig. 1.76, accordingly the polarity of the poles is marked. 

(i) The rotor is rotating in anticlockwise direction, therefore the relative motion of stator conductors 
with respect to the field is clockwise. Applying Fleming’s right hand rule to the stator conductors 
the direction of induced emf is marked (see Fig. 1.76 and 1.77). In all the conductors under the 
influence of north pole, the induced emf is in one direction i.e., out of the plane of paper. Whereas 
in the conductors which are under the influence of south pole the induced emf is in the other 
direction i.e., into the plane of paper. 
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(ii) Each coil has two coil sides. If one coil side is placed under north pole, the other side of the 
same coil is placed under south pole, The position of the two sides must be the same under 
the two poles (i.e., if one side is placed at the centre of A^-pole then the other side must also be 
placed at the centre of consecutive 5-pole). The four coils in Fig. 1.76 and 1.77 are marked as 
l-r, 2-2', 3-3', and 4-4'. 

Example 1.46 

Fig 1.78 shows 6 coils placed in the slots of the stator. The rotor is 
carrying the field winding. Mark the direction of the emf induced 
in the conductors of stator. 

(a) for a clockwise direction of rotation of the rotor. 

(b) for an anticlockwise direction of rotation of the rotor. 

Solution: 

Applying right hand thumb rule to the current carrying conductors of rotor, the field produced by it 
is shown in Fig. 1.79 and 1.80. Accordingly, the polarity of rotor poles is marked. 



Fig. 1.78 Given figure 



Fig. 1.79 Direction of induced emf in Fig. 1.80 Direction of induced emf in stator 
stator conductions for ciockwise rotation conductions for anti-ciockwise rotation 


(r) When rotor (field) rotates in clockwise direction see Fig. 1.79) flux is cut by the stator conductors. 
Applying Fleming’s right hand rule to the stator conductors the direction of induced emf is 
marked. 


Note: Whiie appiying Fieming’s right hand ruie the direction of rotation of conductors with respect 
to the fieid is considered, in the above case rotation of conductors is anticiockwise with respect 
to the fieid. 
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(»■) When rotor (field) rotates in anticlockwise direction (see Fig. 1.80) flux is cut by the stator 
conductors. Applying Fleming’s right hand rule to the stator conductors, the direction of induced 
emf is marked. 

(The emf induced in the conductors placed on the magnetic neutral axis (i.e., X-axis) will be zero 
as they do not cut the magnetic field). 


1.31 Elementary Concept of Electrical Machines 

(Energy conversion in electrical machines) 

By electrical machine, here we mean a generator or motor. We shall discuss the operation of machine 
as a generator and motor. 

1.31.1 Operation of Machine as a Generator (Conversion of Mechanical Energy into 
Electric Energy) 

A coil is placed in a constant stationary magnetic field. Let it be rotated in clockwise direction at an 
angular velocity of co radians per second by some outside driving mechanical torque 7^. The coil 
sides cut the magnetic field (or the flux linking with coil changes) and emf (e) is induced in the coil. 
The direction of induced emf can be determined by applying Fleming’s right hand rule or Lenz’s 
Law and is marked in Fig. 1.81 (a). The coil is connected to an external load resistor R, therefore 
current (i) flows through the coil and external load resistor. The direction of flow of current in the 
coil is marked in Fig. 1.81 (a) and (b). When current flows through the coil conductors, they produce 
their own magnetic field. The direction of this rotor field is marked by arrowhead F^. The rotor field 
tries to come in line with the main field F^ and an electromagnetic torque is produced in the 
opposite direction to that of the rotation. 




(a) A coil is rotated in the Side view of fig 0.81 (a) 

magnetic field 


Fig. 1.81 Concept of generator 
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If the coil circuit is not closed, no current would flow through the coil and hence no electromagnetic 
torque will be developed (i.e., T = 0), under such a condition the opposition is only due to frictional 
torque (neglecting iron losses). Therefore, the mechanical torque applied must be sufficient to 
overcome the frictional torque. It may be noted that frictional torque always acts in opposite direction 
to the direction of rotation. 

i.e., T^ = (at no-load) 

When the load resistance is connected, current flows and electromagnetic torque is produced in 
opposite direction to that of mechanical torque. Under this condition the mechanical torque 7^ must 
be sufficient to overcome the electromagnetic torque and frictional torque (iron losses neglected). 

Thus, T =T + T, ...(i) 

or coT^ = coT^ + coT^ ...(ii) 

or coT^ = wT^ - coT^ 

where, coT^ = Mechanical input power. 

coT^ = Power losses due to friction. 

coT^ = Mechanical power developed in the rotor which is converted into electrical power. 
When conductors move perpendicular to the magnetic field. 

Induced emf in the coil, e = 2 B Iv 

or ei = 2Bilv = 2Fv ['.■ F = B i 1] 


= 2 F X radius of coil X — - -—- 

radius of coil 

= T X CO T=2Fx radius and co = —— ]. 

radius 

ei = coT^ ...{Hi) 

If r is the internal resistance of the coil, 

e . r. 

i = -— or e = ir + iK 

r + R 

multiplying both sides by i, we get, 

ei = fr+i^R ...(iv) 

ei - fir = vi 

where, ei = electrical power generated, 

fir = power lost in the resistance of coil, called copper losses, 
vi or fiR = electrical power output to the load. 

Thus, we conclude that out of the input power (co T^) only co T is the mechanical power which 
is converted into electrical power (e i). After subtracting the copper losses (fir), the electrical power 
available at the load is only fiR. This is how the conversion of power takes place in electrical machine 
working as a generator. The power flow diagram (neglecting iron losses) for the generator is shown 
in Fig. 1.82. 
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Mechanical power converted into electrical power. 

INPUT POWER cu Tm-cuTf-cyTp = e i e i - l^r = v i OUTPUT 



POWER LOSS DUE COPPER LOSS 

TO FRICTION [m T,) (l^r) 

Fig. 1.82 Power flow in generator action 


1.31.2 Operation of Machine as a Motor 

Now consider a coil placed in the constant stationary field. The coil is connected to a battery [see 
Fig. 1.83 (a)]. The current i flows through the coil conductors in the direction shown in Fig. 1.83 (a) 
and (b). Current carrying conductors produce axis of magnetic field Fr in the direction as marked. 
The rotor field Fr tries to come in line with the main field Fm. Thus, electromagnetic torque is 
developed on the coil in anticlockwise direction. The coil is free to rotate, therefore, it starts rotating 
in anticlockwise direction (say at w rad/sec). 




(a) A current carrying coll placed (b) Side view of fig 0.83 (b) 

in the magnetic field 

Fig. 1.83 Concept of mofor 

When the coil rotates in anticlockwise direction, flux is cut by the conductors (coil sides), therefore, 
an emf is induced in them in the direction marked in Fig. 1.83 id), [direction is found by applying 
Fleming’s right hand rule], which is opposite to the direction of flow of current or applied voltage V.20 
If r is resistance of coil. 

Applied voltage, V = e + ir 
Multiplying both sides by i, we get 
V i = ei + r 

or Vi- P r = ei 
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where, Vi = electrical power input, 

fr = power lost in the resistance of the coil called copper losses, 

ei = electrical power developed in the rotor which is converted into 
mechanical power. 

that is, ei = (oT^ [from equation ((//)] 

Thus, out of the input power {Vi), the copper losses {fir) are subtracted and only power {e i) is 
developed in the rotor which is converted into mechanical power. 

Friction acts in opposite direction to that of rotation, therefore, the direction of frictional torque is 
in clockwise direction as marked in Fig. 1.83 {b). When mechanical load is applied, the mechanical 
torque tries to reduce the speed of rotor, therefore, it is also acting in clockwise direction as 
marked in the figure. 

Thus, the electromagnetic torque must be sufficient to meet with the sum of frictional torque and 
mechanical torque i.e., 

T = T +Tf 

e m j 

or cuT = wT^ + coTj 

or coT^ - coT^ = coT^. 

The actual output mechanical power is only coT^, which is available at the shaft. This power is 
obtained after subtracting mechanical losses {(oT^ from the power developed (ftiT) in the rotor. The 
power flow diagram (neglecting iron losses) for the motor is shown in Fig. 1.84. 

Electrical power converted into mechanical power. 


Input power 
(Vi) — 



- (0 Tf = 6u 


Output 

power 


(“Tm) 


Copper loss 
(i2r) 


Power loss due 
to friction (cu Tj) 


Fig. 1.84 Power flow in motor action 


Conclusion 

From the above discussion, the following conclusions are drawn; 

(r) In generating action, the induced emf produces the armature current, therefore, e and i both are 
in same direction, whereas, in motoring action, the induced emf opposes the conduction and 
current flows in opposite direction to induced emf 
{ii) In motoring action, the electromagnetic torque produces the rotation, (7 and w both are in same 
direction), whereas, in generating operation, the electromagnetic torque opposes the rotation 
{T^ acts in opposite direction to co). 

{Hi) In generating action the torque angle 6 is leading {F^ leads by an angle 9 with respect to 
direction of rotation), whereas in motoring action, the torque angle 9 is lagging {F^ lags behind 
F^ by an angle 9 with respect to direction of rotation). 
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(jv) In generating action, the rotation is due to mechanical torque, therefore, and co are in same 
direction, whereas in motoring action rotation is opposite to mechanical torque. 

(v) In both generating and motoring action, electromagnetic torque always acts in opposite directions 
to mechanical torque (i.e., T always acts in opposite direction to 7^). 

(vi) In both the cases, frictional torque acts in opposite direction to rotation (i.e., 7^ always acts in 
opposite direction to a). 


Generator action Motor action 



[1. In generator action, the rotation is due to 
mechanical torque, therefore, ® are in 
the same direction. 

2. The frictional torque Tracts in opposite direction 
to rotation w. 

3. Electromagnetic torque acts in opposite 
direction to mechanical torque so that coT^ 

= coTg + coTf. 

4. In generating action, and emf is induced in 
the conductors which circulates current in the 

I armature, therefore eand /both are in the same 
direction. 

! 5. In generator action, E >V 

6. In generating action, the torque angle 0 is 
leading. 

I 7. In generating action, mechanical energy is 
converted into electrical energy. 



1. In motor action, the rotation is due to electro¬ 
magnetic torque, therefore, and ® are in the 
same direction. 

2. The frictional torque Tracts in opposite direction 
to rotation ®. 

3. Mechanical torque Tracts in opposite direction 
to electromagnetic torque so that = coT^ 

+ coTf. 

4. In motoring action, current is impressed to the 
armature against the induced emf (e), therefore 
current flows in opposite direction to that of 
induced emf. 

5. In motor action, E>V 

6. In motoring action, the torque angle 0is legging. 

7. In motoring action, electrical energy is converted 
into mechanical energy. 


Example 1»47 

The cross-sectional view of a rectangular coil rotating in a magnetic field 

is shown in Fig. 1.85. Determine; 

(i) The direction of induced emf in the coil-sides for the direction of 
rotation as shown in the figure. 

(ii) The direction of the electromagnetic torque developed under the above 
condition, and also show the torque angle. 

(Hi) The direction of the current in the coil-sides if the circuit is closed 
through an external resistance. 

(iv) The direction in which external mechanical torque is applied. 

(v) Whether the device behaves as a motor or generator. 

(vi) In which direction the frictional torque will act? 



Fig. 1.85 Given figure 
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Solution: 

(0 The coil is rotating in anticlockwise direction in the magnetic field, applying Fleming’s right 
hand rule, the direction of induced emf in the coil sides in marked in Fig. 1.86 and 1.87. 



(h) When current flows through the coil sides (rotor), field is set up around the conductors, the 
direction of the rotor field is marked hy arrow head F^. Rotor field (F^ tries to come in line with 
main field F^, thus electromagnetic torque T is produced in clockwise direction as marked by 
the arrow head in Fig. 1.87. 

(Hi) When the circuit is closed through an external resistance, the direction of flow of current in the 
coil sides is shown in Fig. 1.87. 

The angle between rotor field F^ and main field F^ is the torque angle 6 as marked in the figure. 

(iv) For energy conversion the mechanical torque always acts in opposite direction to that of 
electro-magnetic torque T. Therefore, the direction of external mechanical torque applied is 
anticlockwise as marked in the figure. 

(v) In the coil sides the direction of flow of current is same as that of the induced emf therefore, 
the machine acts as a generator. 

(vi) The friction always acts in opposite direction to the direction of rotation, therefore, the direction 
of frictional torque is clockwise as marked by the arrow head in Fig. 1.87. 

Example 1.48 

The cross sectional view of a rectangular coil rotating in a magnetic field 

in shown in Fig. 1.88. The direction of rotation and the direction of the 

current in the coil sides is shown. 

(i) Determine the direction of the induced emf in the coil. 

(ii) Mark the direction of the electromagnetic torque developed. 

(Hi) Show the torque angle. 

Solution: 

(i) When coil rotates in the magnetic field, flux is cut by the conductors 
and an emf is induced. The direction of induced emf is marked in Fig. 

1.89 which is determined by Fleming’s right hand rule. 



Fig. 1.88 Given figure 
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(ii) The direction of axis of main magnetic field (F^ is marked. Depending upon the direction of 
flow of current in coil sides, the direction of axis of rotor field (F^ is marked. Rotor field tries 
to come in line with main field, thus a clockwise electromagnetic torque (T), as marked in Fig. 
1.90 is developed. 

(Hi) The angle between the axis of rotor field and main field (0) is called torque angle which is 
marked in Fig. 1.90. 



S 


Fig. 1.89 Induced emf in the coil 



Fig. 1.90 Position ot other quantities marked 


Section Practice Problems 


Numerical Problems 

1. A conductor ot 04 metre length is moved at a unitorm speed ot 5 m s"^ at right angle to its length and to 
a magnetic tield. Calculate the density ot the magnetic tield it the emt generated in the conductor is 2V. 
For the same density, what will be the induced emt, it the conductor is moved at an angle ot 60° with the 
magnetic tield. (Ans: 1 Wb/m^,^732]/) 

Sho rt Answ er Type Questions 

Q.l. What do you mean by electromechanical energy conversion devices? 

Ans. A device or machine that converts electrical energy into mechanical energy or vice-versa is called an 
electro-mechanical energy conversion device 

Q.2. In case of DC motors, how alternating torque is converted into unidirectional continuous torque? 
Ans. In case of DC motors, the alternating torque is converted into unidirectional continuous torque by 
reversing the direction of flow of current in the armature conductors when they pass through the 
magnetic neutral axis (using a commentator) 

We can differentiate generator and motor on the basis of following: 


Review Questions 

1. Define the terms mmf, magnetic flux and magnetic reluctance and establish the relation which holds 
between these quantities for a magnetic circuit. 
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2. Explain the terms: permeability, reluctance and permeance. 

3. Make comparison between magnetic and electric circuits. 

4. What are the similarities between electrical circuits and magnetic circuits? 

5. How is B-H curve of ferromagnetic material different from that of non-magnetic material? Name all the 
salient regions of B-H curve of magnetic material. 

6. Explain hysteresis loss. 

7. State and explain Faraday’s laws of electro-magnetic induction. 

8. Write down the expression for dynamically induced emf developed in a conductor of length / metre moving 
with a velocity of v metre per second\n a uniform magnetic flux density of B Wblm^. 

9. Explain the term self and mutual inductance. 

10. Define co-efficient of coupling and show that k= . 

11. Derive the expression for the equivalent inductance when two coupled coils are connected in (a) series 
{b) parallel. 

12. Explain what you mean by eddy currents. 

13. Mark the current in the conductors of the rotor in Fig. 1.91 and 1.92 to obtain an anticlockwise torque. 



Fig. 1.91: 



Fig. 1.92: 


14. Will the rotor in Fig. 1.93 tend to rotate? If yes show the torque angle and direction of rotation. 


Stator 



Fig. 1.93: 


15. What do you mean by a motor and generator? 
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16. Fig. 1.94 shows a stator with 4 coiis whereas, Fig. 1.95 shows a rotor with 6 coiis eventuaiiy distributed 
over the rotor periphery. Mark the direction of emf in these conductors for a ciockwise rotation. Mark 
aiso the coii sides which beiong to the same coii. 



17. 


Fig. 1.94: Fig. 1.95: 

A cross-sectionai view of a rectanguiar coii a b rotating in a magnetic fieid is shown 
in Fig. 1.96. Determine: 

(/) The direction of current in the coii sides, if the circuit is ciosed through an externai 
resistance, for the direction of rotation as shown in the figure, mark 
(/'/) The direction the eiectromagnetic torque. 

(Hi) Torque angie. 

(/V) The direction in which externai mechanicai torque is appiied. 

(i/) The direction in which the frictionai torque wiii act. 



Fig. 1.96: 


A coii piaced inside a constant magnetic fieid is made to rotate in ciockwise direction. Show by means 
of a neat sketch the direction of rotation of the coii, the poiarity of the fieid poies and the direction of the 
induced emf in the two coii sides, if the coii circuit is compieted so that a current fiows through the coii, 
show on the sketch the direction of the eiectromagnetic torque produced. 


Multiple Choice Questions 

1. The perfect magnetic insuiator is 

(a) copper (b) iron 

(c) rubber (d) none of above. 

2. The ampere-turns are 

(a) the product of the number of turns and current of the coii 

(b) the number of turns of a coii through which current is fiowing 

(c) the currents of aii turns of the coii 
(rf) the turns of transformer winding. 

3. What wiii be the current passing through the ring shaped air cored coii when number of turns is 800 and 
ampere-turns are 3200. 

(a) 0-25 (b) 2-5 

(c) 4 0 ((/) 0-4 

4. The magnetic reiuctance of a materiai 

(a) increases with increasing cross-sectionai area of materiai. 

(b) does not vary with increasing the cross-sectionai area of materiai. 
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(c) decreases with increasing cross-sectionai area of materiai. 

{d) decreases with increasing the iength of materiai. 

5. Mmf is anaiogous to 

(a) eiectric current in eiectric circuit {b) current density in conductor 

(c) eiectromotive force 

6. The magnetic strength of an eiectromagnet can be increased by 
(a) increasing current in the soienoid 

{b) increasing the number of turns of the soienoid 
(c) both a and b 
{b) none of above. 

7. Hysteresis ioss in a magnetic materiai depends upon 

(a) area of hysteresis ioop (b) frequency of reversed of fieid 

(c) voiume of magnetic materiai {d) aii a, b and c. 

8. The Steinmetz expression to determine the hysteresis ioss in the magnetic materiai is 

(a)Ph=r7C (d)P,= r,0 

(c)Ph=r70'/ (rf) aii, a, b and c 

9. The direction of eiectro-magneticaiiy induced emf is determined by 

(a) Fiemings’ right hand ruie {b) Lenz’s iaw 

(c) Right hand thumb ruie {d) both a and b. 

10. The energy store in the magnetic fieid is 
(a) given by the reiation Li 2/2 

{b) directiy proportionai to the square of current fiowing through the coii 
(c) directiy proportionai to the inductance of the coii 
(rf) aii a, b and c. 

11. The seif inductance of a soienoid of N-turns is proportionai to 

(a) N {b) N2 

(c) 1/N {d) 1/N2. 

12. To reduce eddy current ioss in the core of magnetic materiai 

(a) the core is iaminated 

(b) the magnetic materiai used shouid have high resistivity 

(c) both a and b 
(rf) none of above. 

13. if two coiis having seif-inductances and Lj and a mutuai inductance M are connected in series with 
opposite poiarity, then the totai inductance of the combination wiii be 

(a) L^ + L 2 + 2M {b) L 1 -L 2 - 2 M 

(c) - L 2 + 2M {d) Li + Lj - 2M 

14. An inductive coii of 10 H deveiops a counter voitage of 50 V. What shouid be the rate of change of current 
in the coii 

(a) 5 A/s {b) 0-2 A/s 

(c) 1 A/s (d) 500 A/s 

15. A machine that converts eiectricai energy into mechanicai energy is caiied 

(a) eiectric generator (d) eiectric motor 

(c) both a and b (o') none of these 
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16. In electromechanical energy conversion devices, the angle between rotor field and main magnetic field 
is called. 

(a) mechanical angle (b) electrical angle 

(c) either a or b (o') torque angle 

17. In an electro-mechanical device, when both the direction of rotation and direction of electromagnetic 
torque are in same direction the machine works as a 

(a) generator (d) motor 

(c) both a and b (r/) none of these 

18. In an electro-mechanical device, when both the direction of rotation and direction of mechanical torque 
are in same direction, the machine works as a 

(a) generator (b) motor 

(c) both a and b (r/) none of these 

19. In an electro-mechanical device, when induced emf (e) acts in opposite direction to the direction of flow of 
current (i) in the armature conductors, the machine works as a 

(a) generator (d) motor 

(c) both a and b (d) none of these 


Keys to Multiple Choice Questions 
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Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

,/ What is a transformer and its necessity in power system? 

V How a transformer transfers electric power from one circuit to the other i.e., what is basic 
principle ot a transformer. 

^ What is core ot a transformer, what is its material, why cruciform cores are considered better 
than square or rectangular cross-section? 

^ What are transformer windings, how their material and their size selected. How these wound 
and placed over the core? 

^ Why bushings are necessary tor transformers? 

^ What is the construction ot small rating transformers? 

^ How does a transformer behave? When is it considered to be an ideal one? 

^ What are the various factors on which emf induced in a transformer winding depends? 

./ How does a transformer behave when it is at no-load? 

./ What is exciting current and how is it affected by magnetisation? 

V Why is there sudden inrush of magnetising current when a transformer is connected to the lines 
although it may be at no-load? 

^ How does a transformer behave when it is loaded? 

^ How to draw phasor diagrams of a transformerto represent various alternating quantities (neglecting 
resistance and reactance ampere-turns balance)? 

^ How does resistance of transformer windings affect its performance? 

^ What are mutual and leakage fluxes in a transformer? 

^ How does inductive reactance appear in a transformer due to leakage fluxes? 

^ How to determine equivalent resistance and reactance of transformer windings on its either 
side? 

./ How to draw an equivalent circuit of a transformer and how to simplify it? 

./ What is voltage regulation of a trans-former? 

V How power factor affects the regulation of a transformer? 

./ What are the major losses in a transformer? 

^ What are the effects of voltage and frequency variation on iron losses in a transformer? 

^ How is efficiency of a transformer calculated at various loads? 

^ How to determine the conditions at which a transformer works at maximum efficiency? 
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^ How efficiency of a transformer is affected by ioad and p.f.? 

y How to conduct various tests such as poiarity test, voitage ratio test, open circuit test, short 
circuit test, back-to-back test etc., on a transformer? 

./ How transformers are ciassified on the basis of their appiication? 

■/ What is the necessity of putting the transformers in paraiiei and what conditions are to be 
maintained whiie putting them in paraiiei? 

■/ When the transformers are put in paraiiei, how do they share the ioad? 

V' What is an auto-transformer? 

V' How can auto-transformer is different to a potentiai divider? 

^ What are the advantage and disadvantages of an auto-transformer in comparison to an ordinary 
two-winding transformer? 

y Why cannot ordinary two-winding transformers be repiaced by auto-transformers? 

v' How to draw equivaient circuit and phasor diagram of an auto-transformer? 

y Can we convert a two winding transformer into an auto-transformer? 

y What are the major appiications of auto-transformers? 


Introduction 

Transformer is considered to be a backbone of a power system. 

For generation, transmission and distribution of electric power, AC system is adopted instead of 
DC system because voltage level can be changed comfortably by using a transformer. For economic 
reasons, high voltages are required for transmission whereas, for safety reasons, low voltages are 
required for utilisation. Transformer is an essential part of power system. Hence, it is rightly said that 
transformer is a backbone of a power system. In this chapter, we shall discuss the general features 
and principle of operation of single-phase transformers. 


2.1 Transformer 

A transformer is a static device that transfers AC electrical power from one circuit to the other at 
the same frequency but the voltage level is usually changed. 

The block diagram of a transformer is shown in Fig. 2.1(a). When the voltage is raised on the output 
side (V 2 > F[), the transformer is called a step up transformer, whereas, the transformer in which the 
voltages is lowered on the output side (Vj < Fj) is called a step down transformer. 


r 

Input 


It 

Vi 


V2 > V.| (Step-up) 

V2 < Vi (Step-down) 


Transformer 


h 

V2 Output 

i_ 


Fig. 2.1 (a) Block diagram of a single-phase transformer 
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Necessity 

In our country, usually electric power is generated at 11 kV. The voltage level is raised to 220 kV, 400 
kV or 750 kV by employing step-up transformers for transmitting the power to long distances. Then 
to feed different areas, as per their need, the voltage level is lowered down to 66 kV, 33 kV or 11 kV 
by employing step-down transformers. Ultimately for utilisation of electrical power, the voltage is 
stepped down to 400/230 V for safety reasons. 

Thus, transformer plays an important role in the power system. The pictorial view of a power 
transformer is shown in Fig. 2.2 ib). The important accessories are labelled on it. 



500 kVA, 11/0.4 kV 

(i) Oil immersed air natural cooled transformer 


Fig. 2.1 (b) Transformer 



(ii) Single-phase transformer 


Applications 

Main applications of the transformers are given below: 

(a) To change the level of voltage and current in electric power systems. 

(b) As impedance-matching device for maximum power transfer in low-power electronic and control 
circuits. 

(c) As a coupling device is electronic circuits 

(d) To isolate one circuit from another, since primary and secondary are not electrically connected. 

(e) To measure voltage and currents; these are known as instrument transformers. 

Transformers are extensively used in AC power systems because of the following reasons: 

1. Electric energy can be generated at the most economic level (11-33 kV) 

2. Stepping up the generated voltage to high voltage, extra high voltage EHV (voltage above 230 
kV), or to even ultra high voltage UHV (750 kV and above) to suit the power transmission 
requirement to minimise losses and increase transmission capacity of lines. 

3. The transmission voltage is stepped down in many stages for distribution and utilisation for 
domestic, commercial and industrial consumers. 
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2.2 Working Principle of a Transformer 

The basic principle of a transformer is electromagnetic induction. 

A single-phase transformer consists of two windings placed over a laminated silicon steel core. 
The winding having less number of turns is called low-voltage winding and the winding having more 
number of turns is called high voltage winding. 



Fig. 2.2 (a) Single-phase transformer (core and windings) (b) Flux linking with primary and secondary 


Also, the winding to which AC supply is connected is called a primary winding and the other one 
is called a secondary winding to which load is connected. Once AC supply of voltage is given to 
primary winding, an alternating flux is set-up in the magnetic core which links with the primary and 
secondary winding. Consequently, self-induced emf and mutually-induced emf are induced in 
primary and secondary, respectively. These induced emf’s are developed in phase opposition to Vj as 
per Lenz’s law. The self-induced emf in the primary is also called back emf since it acts in opposite 
direction to the applied voltage. 

Although, there is no electrical connection between primary and secondary winding, still electric 
power is transferred from one circuit (primary side) to the other circuit (secondary side). It is all 
because of magnetic coupling, i.e., the alternating flux which is set-up in the core linking with both the 
windings. The magnitude of induced emf in a coil depends upon rate of change of flux linkages i.e., e 
oc N. since, the rate of change of flux for both the winding is the same, the magnitude of induced emf 
in primary and secondary will depend upon their number of turns, i.e., primary induced emf oc 
and secondary induced emf iSj fVj. When A 2 > the transformer is called a step-up transformer, 
on the other hand, when N 2 < the transformer is called step-down transformer. 

Turn ratio: The ratio of primary to secondary turns is called turn ratio, i.e., turn ratio 
= NfN,. 

Transformation ratio: The ratio of secondary voltage to primary voltage is called voltage 
transformation ratio of the transformer. It is represented by K. 

K = — = (since oc and E, oc N,) .. .(2.1) 

A; I I I I 


2.3 Construction of Transformer 


The following are the major elements of a transformer: 














Single-Phase Transformers 


83 


(0 Magnetic circuit mainly comprises of transformer core having limbs and yokes. 
iii) Electric circuits mainly comprises of windings, insulation and bushings. 

{Hi) Tank mainly comprises of cooling devices, conservator and ancillary apparatus. 

The construction of a transformer depends largely on its size and the duty which it is to perform. 
Designers make necessary changes as per the requirement. In practice, continuous improvements 
are being made in the construction of transformers. 

2.3.1 Core Material 

For core construction sheets of alloy steels are used. The main constituents of alloy steel are silicon 
and carbon in small quantities which increases the permeability at low flux densities and reduces 
the hysteresis loss to large extent. Addition of silicon also reduces the eddy currents to some extent 
because it increases the resistivity. In addition to this, these constituents also increase the mechanical 
strength of the core. 

Now-a-days cold rolled grain oriented steel (CRGOS) sheets are used for core construction because 
of their excellent magnetic properties in the direction of rolling. This material allows flux density 
as high as 2.8 Wb/m^. 

2.3.2 Core Construction 

In order to reduce eddy current loss, the core of the transformer is laminated. Since eddy current 
losses are proportional to the square of the thickness of laminations, every effort is made to reduce 
their thickness as small as possible. But there is a practical limit beyond which the thickness of 
laminations cannot be decreased further on account of mechanical considerations. This practical 
limit of thickness of each lamination is 0.3 mm. The laminations are usually made of 0.33 to 0.5 mm 
thick. These laminations are insulated from each other by a thin layer of oxide coating or varnish. 

Core Cross-Section 

Small transformers have rectangular section limbs with rectangular coils or square section limbs 
with circular coils as shown in Figs. 2.3(a) and (b). 




(a) Rectangular core and windings (b) Square core and windings 

Fig. 2.3 Core and windings 
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As the size of the transformer increases, it becomes wasteful to use rectangular cores. For this 
purpose the cores are square shaped as shown in Fig. 2A(a). The circle represents the inner surface of 
the tubular former carrying the windings. This circle is known as the circumscribing circle. Clearly 
a lot of useful space is wasted, the length of circumference of circumscribing circle being large in 
a comparison to its cross-section. This means that the length of mean turn of winding is increased 
giving rise to higher fiR losses and conductor cost. 

Circular coils are preferred for winding a transformer as they can be easily wound on machines 
on a former, conductors can easily be bent and winding does not bulge out due to radial forces 
developed during operation. 

With larger transformers, cruciform cores, which utilise the space better, are used as shown in 
Fig. 2.4(fc). As the space utilisation is better with cruciform cores, the diameter of circumscribing 
circle is smaller than with square cores of the same area. Thus the length of mean turn of copper 
is reduced with consequent reduction in cost of copper. It should be kept in mind that two different 
sizes of laminations are used in cruciform cores. 

With large transformers, further steps are introduced as shown in Figs. 2.4(c) and id) to utilise the 
core space which reduces the length of mean turn with consequent reduction in both cost of copper 
and copper loss. 



(a) 


\ 


53 
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(b) (c) 

Fig. 2.4 Cruciform core section 
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(d) 


By increasing the number of steps, the area of circumscribing circle is more effectively utilised. 
The most economical dimensions of various steps for a multi-stepped core can be calculated. The 
results are tabulated in the following Table: 


Area percentage of 
circumscribing circle 

Square 

Cruciform 

Three stepped 

Four stepped 

Gross core area 

1 64 

79 

j 84 

87 

Net core area 4,.= klAg^ 

[ 58 

71 

1 

78 

Ratio 4/C/2 

1 0.45 

_j_ 

0.56 

1 0.6 
j_1 

0.62 


Laminations of the core and insulation between the laminations have the effect of reducing the 
effective or net area of the core. The net core cross-sectional area is about 10% less than the gross- 
sectional area due to the laminations of the core and insulation such as paper or varnish. The ratio 
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of the net cross-sectional area to gross cross sectional area is called the iron space factor or simply 
iron factor K^. 

K.= -f- .. .(2.2) {K. < unity nearly 0.9 to 0.99) 

' 4c 

A. = Iron Area or iron’s net cross-sectional area of the core 

I 

= Overall Area or gross cross-sectional area of the core. 

2.3.3 Transformer Winding 

Transformer windings may be classified into two groups viz. concentric winding and sandwiched 
winding. Concentric windings are used in core type transformers as shown in Fig. 2.5(fl). Sandwiched 
windings are almost exclusively used in shell type transformers as shown in Fig. 2.5(b). 


I 


_.' 073 -_, 



I 


(a) Core type Transformer 



Fig. 2.5 Single-phase transformer (sectional view) 


The positioning of the H.V. and L.V. windings with respect to the core is also very important from 
the point of view of insulation requirement. The low-voltage winding is placed nearer to the core in 
the case of concentric windings and on the outside positions in the case of sandwiched windings as 
shown in Figs. 2.5(a) and (b) on account of less and easier insulation facilities. 


Concentric Windings 

The concentric windings may be classified into four major groups, viz. 

1. Spiral windings. 

2. Helical winding. 

3. Crossover winding. 

4. Continuous disc winding. 

Spiral Winding: The spiral coils are suitable only for windings which carry current more than 100 
A. Usually these are employed for LV windings. However, these are also used for HV windings when 
the winding is to carry current more than 100 A. 
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Spiral coils normally consists of layers wound continuously 
from top to bottom of the coil and a composite conductor of coil 
may consist of a number of square or rectangular strips in parallel. 
These coils are mechanical very strong and are usually former 
wound or wound directly on to solid insulating cylinder. 

The spiral coils may be wound in single layer or multilayer. 
In small transformers, sometimes, it is difficult to arrange them 
satisfactorily in single layer, then these are wound in multilayer. 
A typical two layer spiral coil is shown in Fig. 2.6. 

When more than is required to be arranged in radial direction, 
it becomes necessary to introduce transpositioning throughout the 
length of winding to keep the resistance and leakage reactance of 
each conductors to be the same. 

Helical Winding: The helical coils cover the intermediate range 
of current which falls between the range of high current range of 
spiral coils and low current range of multi-conductor disc coil. 
This coil is wound in the form of helix where each conductor 
may consist of a number of rectangular strips wound in parallel 
radially. Helical winding is mostly suitable for low-voltage (11 
kV to 33 kV) windings of large transformers. 

In general, simple single layer helical coils are used for LV 
side of large transformers. The cross-sectional view of a typical 
single layer helical coil is shown in Fig. 2.7. However, multiplayer 
helical coils may be used for high-voltage windings. 

Crossover Winding: The crossover coils are suitable only 
for windings which carry current less than 20 A. These are 
largely used for high voltage windings of comparatively small 
transformers. These coils are usually wound on formers. 
Generally, each coil consists of several layers and each layer 
carries several turns. The conductor may be of round (wire) or 
rectangular (strip) shape, insulated with cotton or paper covering. 

The cross-sectional and isometric view of a typical crossover 
coil is shown in Fig. 2.8(a) and {b) respectively. The complete 
winding assembly employing crossover coils consists of a number 
of such coils connected in series. This assembly in placed over the 
limb of the core. The coils are usually spaced apart by means of 
insulating key sector to facilitate free oil circulation for cooling. 

Continuous Disc Winding: The continuous disc coils are most 
suitable for high voltage (low current) large power transformers. 



Fig. 2.6 Spiral winding 



As the name suggests, these coils consist of a number of discs. Each disc consist of a number of turns 


wound radially over one another from inside outwards and outside inwards alternately and conductors 
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pass uninterruptedly from disc to disc. Generally, rectangular strip conductors are used and they are 
wound on the flat side so that each disc becomes mechanically very strong. 



The cross-sectional and isometric view of a typical disc coil is shown in Figs. 2.9(a) and {b), respectively. 
While using multiple strips, transpositioning of conductors has to be taken core so that uniform 
resistance and inductance can be ensured. The discs are wound on to an insulating cylinder and a 
spacer is provided between the discs when arranged vertically to ensure proper circulation of oil. 




(b) Section of coils during fabrication 


Fig. 2.9 Continuous disc winding 
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Sandwiched Winding 

The schematic diagram of a sandwiched winding is shown in Fig. 2.10. Sandwiched windings are 
commonly employed for shell-type transformers. The leakage reactance of the windings can be easily 
controlled by employing sandwiched winding. The nearer are the high voltage and low voltage coils, 
the less is the leakage flux. Leakage can be further reduced by subdividing the high voltage and 
low voltage coils. The high voltage sections lie between two consecutive low voltage sections. The 
two end sections are low-voltage sections and contain half the turns of other low-voltage sections. 

Each normal section, whether high voltage or low voltage, has equal number of ampere-turns 
in order to balance the mmf of adjacent sections. Lower values of reactance can be obtained by 
increasing the number of subdivisions. 



2.3.4 Insulation 

The insulation employed in a transformer may be classified into two major groups e.g., major and 
mirror insulation. 

Major insulation: The insulating cylinders between the low voltage winding and the core and those 
between the high voltage and the low voltage windings, the insulating barriers which are inserted 
between adjacent limbs when necessary and the insulation between the coils and the core yokes etc., 
fall into the category of major insulation. These insulating cylinders and barriers are usually made 
of pressboard or synthetic resin bonded paper. These cylinders are made in such a way that they are 
not only excellent insulators but also mechanically strong. The permittivity of insulating cylinders 
is about 4. The major insulation is transformer oil which has a permittivity of 2.2. 

Minor Insulation : This is the insulation on individual turns and between layers. The conductor 
insulation may be of paper, cotton or glass tape, the latter being used for air insulated transformers 
only. The insulation is wrapped round the conductor without overlap of adjacent turns. 

The windings of the transformers are generally impregnated. Now-a-days transformer oil has 
greatly replaced varnish as an impregnant. In general there are three main stages in preparing the 
windings for oil impregnation. In the first stage the pre-drying and shrinking of the coils are done. 
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In the second stage, further drying is carried out until the required insulation resistance is obtained. 
These two stages are usually accomplished by circulation of hot air at atmospheric pressure in an 
oven while making sure that the oxidation of the winding does not take place. In the final stage, the 
vapour and gas are removed from the assembled core and the windings prior to oil impregnation. This 
process must be carried out at a temperature of approximately 100°C and a vacuum of at least 0.5 
mm. The windings of the power transformers are generally impregnated after assembly on the core. 

Note: Never provide excessive insuiation, it not oniy increases the cost but it aiso makes heat 
transfer poor. 


2.3.5 Bushings 

The core and winding assembly is placed in the transformer tank. The winding terminals are to be 
connected to the external conductors (transmission lines) or bus-bars where conductor has to pass 
through the top cover of the tank which is earthed on account of safety. 

These outgoing terminals of a transformer are provided with bushings. 

For system voltages upto 66 kV, non-condenser bushings such as porcelain or oil-filled bushings 
are used whereas for system voltages more than 66 kV, condenser bushings are employed for economic 
reasons. 

The oil filled bushings carry a hollow tube conductor placed in the centre of a hollow porcelain 
cylinder. The space between the conductor and the porcelain is filled with insulating oil. Normally, 
there is a glass chamber at the top of the bushing to indicate the oil level which also acts as an expansion 
chamber for the oil when the temperature of the bushing rises. Under the influence of the electric 
field, dust or metallic particles present in the oil have a tendency to align themselves in the direction 
of the electric field, giving rise to paths of low dielectric strength which may lead to breakdown of 
the bushing. To break up these chains, sometimes concentric bakelite tubes are used as insulating 
barriers in between the porcelain and the conductor. Fig. 2.11(a) shows a typical oil filled bushing. 

The body of a condenser type bushing shown in Fig. 2.11(h) is formed by inserting aluminium foil 
layers into a paper winding at predetermined radii. The conducting layers take the form of co-axial 
cylinders in such a way that the electrical stress in the radial direction does not exceed 7.5 kV/mm 
for synthetic resin bonded paper (s.r.b.p.) or 20 kV/mm for oil impregnated paper (o.i.p.) and the axial 
stress does not exceed 0.4 kV/mm for air and 0.65 kV/mm for oil. The capacitances between adjacent 
pair of conducting surfaces are known as partial capacitances between adjacent pair of conducting 
surfaces are known as partial capacitances. The thickness of the partial capacitances and the values of 
the partial capacitances are made equal by properly proportioning the axial length of the conducting 
layers. Consequently, the insulating layers are equally stressed and the dielectric stresses are kept 
within the limits for the insulating material used. A typical condenser bushing is shown in Fig. 2.12. 
For use in outdoor substations, the bushing is covered by a porcelain rain-shed which is outwardly 
very similar to a porcelain bushing. The space between the rain shed and the bushing assembly is 
filled with insulating oil. The rain sheds are designed to increase the creepage length taking into 
consideration the electric field distribution and thus reduce the tendency to flashover under dry as 
well as wet conditions. 
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(a) Porcelain bushing (oil filled) 



Fig. 2.11 Transformer bushings 


The bushings are mounted in localised projections from the transformer tank known as turrets 
and current transformers are often housed in turrets around the flange barrels of the bushings. The 
size of the transformer tank is also greatly influenced by the portion of the lower end of the bushing 
inserted into the tank. 


2.3.6 Transformer Tank 

In modern transformers, depending upon the size, the following types of tanks are mainly used: 

(i) Plain Sheet Steel Tank 
(if) Tubed Tanks 
{Hi) Corrugated Tanks 

(iv) Radiator Tanks 

(v) Tanks with Separate Coolers. 
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2.4 Simple Construction of Single-phase Small Rating 
(SAY2kVA) TRANSFORMERS 

On the basis of core construction and the arrangement to windings, the transformers are named as 
if) core type transformers {ii) shell type and Berry-type transformers. 




Fig. 2.12 Single-phase small transformers used with electrical gadgets 


Core-type Transformers 

In Such transformers the magnetic core is built up of laminations to form a rectangular frame. The 
laminations are cut in the form of L-shape strips as shown in Fig. 2.13(a). To eliminate high reluctance 
continuous joint, the laminations are placed alternately as shown in Fig. 2.13(b). 

The upper horizontal portion of the core is known a yoke and the vertical portion, as shown 
in Fig. 2.14(b), which carries windings is called limb. Usually, the cross-sectional area of yoke is 
kept 15 to 20% more than the limbs because it reduces the flux density and consequently reduces 
the iron losses. 


Laminated core 



(a) L-shaped strips for core (b) Joints kept alternately (c) Staggering of sfampings 

Fig. 2.13 

In actual transformer construction, the primary and secondary windings are interleaved to reduce 
the leakage flux. Half of each winding is placed side by side or concentrically on either limb or leg 
of the core as shown in Fig. 2.14. However, for simplicity, the two windings are shown in Fig. 2.2(a) 
located on separate limbs of the core. 



92 


Electrical Machines 



Fig. 2.14 Placing of coils over core-type transformers 


While placing these windings, an insulation layer (Bakelite former) is provided between core 
and lower winding and between the two windings. To reduce the insulation, low voltage winding is 
always placed nearer the core as shown in Fig. 2.14(a). The windings used are form wound (usually 
cylindrical in shape) and the laminations are inserted later on. 


Shell-type Transformers 

In such transformers, each lamination is cut in the shape of E’s and I’s as shown in Fig. 2.15. To eliminate 
high reluctance continuous joint, the laminations are placed alternately as shown in Fig. 2.16(a). 



Fig. 2.15 Laminations of E and l-shapes. 


In a shell-type transformer, the core has three limbs. The central limb carries whole of the flux, 
whereas the side limbs carry half of the flux. Therefore, the width of the central limb is about double 
to that of the outer limbs. 



(a) (b) (c) 

Fig. 2.16 Placing of coils over shell-type transformer 
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Both the primary and secondary windings are placed on the central limh side by side or 
concentrically (see Fig. 2.16). The low voltage winding is placed nearer the core and high voltage 
winding is placed outside the low voltage winding to reduce the cost of insulation placed between 
core and low voltage winding. In this case also the windings are form wound is cylindrical shape 
and the core laminations are inserted later on. 

The whole assembly i.e., core and winding is then usually placed in tank filled with transformer 
oil. The transformer oil provides better cooling to the transformer and acts as a dielectric medium 
between winding and outer tank which further reduces the size of outer tank of the transformer. 


Comparison between Core-type and Shell type Transformers: 


Sr. No. 

Core-type transformer 

Shell-type transformer 

1. 

The windings surround a considerabie portion 
of the core. 

The core surrounds considerabie portion of the 
windings. 

2. 

Windings are of form-wound, and are of 
cyiindricai-type. 

Winding are of sandwich-type. The coiis are first 
wound in the form of pancakes, and compiete 
winding consists of stacked discs. 

3. 

More suitabie for high i/o/fag'e transformers. 

More suitabie and economicai for low voltage 
transformers. 

4. 

Mean iength of coii turn is shorter. 

Mean iength of coii turn is longer. 

5. 

Core has two limbs to carry the windings. 

Core has three or more limbs but the centrai 
iimb carries the windings. 


Berry-type Transformer 

A berry type transformer is a specially designed shell type transformer and is named after its designer. 
The transformer core consists of laminations arranged in groups which radiate from the centre as 
shown (as top view) in Fig. 2.17. 



Fig. 2.17 Berry type transformer 

In order to avoid possible insulating damage due to movement of strips and winding, the core and 
coil of the transformer are provided with rigid mechanical bracing. Good bracing reduces vibration 
and the objectionable noise-a humming sound - during operation. 
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2.5 An Ideal Transformer 


To understand the theory, operation and applications of a transformer, it is better to view a transformer 
first as an ideal device. For this, the following assumptions are made: 

(i) Its coefficient of coupling (k) is unity. 

(ii) Its primary and secondary windings are pure inductors having infinitely large value. 

(Hi) Its leakage flux and leakage inductances are zero. 

(iv) Its self and mutual inductances are zero having no reactance or resistance. 

(v) Its efficiency is 100 percent having no loss due to resistance, hysteresis or eddy current. 

(vi) Its transformation ratio (or turn ratio) is equal to the ratio of its secondary to primary terminal 
voltage and also as the ratio of its primary to secondary current. 

(vii) Its core has permeability (ju) of infinite value. 


Thus, a transformer is said to be an ideal one, if it has no ohmic resistances, moreover whole of 
the flux set-up in the core is considered to be linking with its primary and secondary turns, i.e., it 
carries no leakage flux. In other words, a transformer is said to be ideal one, when it has no losses, 
i.e., copper or iron losses. In actual practice, such a transformer cannot exist, but to begin with it 
may be considered so. 

For an ideal transformer, the output must be equal to input (since it has no losses), therefore. 


i.e., 


I 2 cos (j) = cos (f) or f = E^ or 


El 


h 

h 


since 


£2 N 2 ; £j oc and £j £ Fp E^ = Vj 


y, £2 N. L 

—f = —f = = -^ = K (transformation ratio) .. .(2.3) 

M ^1 h 

Hence, primary and secondary currents are inversely proportional to their respective turns. 
Transformation ratio: The ratio of secondary to primary turns is called transformation ratio. It 
is usually devoted by letter ‘K’. 


Behaviour and Phaser Diagram 

Consider an ideal transformer whose secondary is open, as shown in Fig. 2.18(a). When its primary 
winding is connected to sinusoidal alternating voltage a current flows through it. Since 
the primary coil is pure inductive, the current lags behind the applied voltage Fj by 90°. This 
current sets up alternating flux (or mutual flux ^^) in the core and magnetises it. Hence it is called 
magnetising current. Flux is in phase with as shown in the phasor diagram and wave diagram 
in Figs. 2.18(fo) and (c), respectively. The alternating flux links with both primary and secondary 
windings. When it links with primary, it produces self-induced em/£j in opposite direction to that 
of applied voltage F 2 . When it links with secondary winding, it produces mutually-induced emf 
£2 in opposite direction to that of applied voltage. Both the em/s. £j and E^ are shown in phasor 
diagram in Fig. 2.18(^7). 
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Fig. 2.18 Ideal transformer 

A transformer is analogous to mechanical gear drive because of the following facts: 


Sr. No. 

Mech. Gear Drive 

Transformer 

1. 

It transfers mechanical power from one shaft to 
the other shaft. 

It transfers electrical power from one circuit to 
the other. 

2. 

There Is perfect ratio between the number of 
teeth and the speeds of the two gears, I.e., 

r,_», 
r, », 

where f = No. of teeth of gear 1 
f - No. of teeth of gear 2 
/Vj = Speed of gear 2 
/V, = Speed of gear 1 

There Is perfect ratio between the number of 
turns and the Induced emf or current of the two 
windings. I.e., 

/Vj ^2 

/Vi - £i - 1, 

where /Vj = No. of secondary turns 
/V^ = No. of primary turns 
= EMF In secondary 
= EMF Is primary 
= Current In primary 

4 = Current In secondary 

3- 

Power Is transferred through mechanical mesh. 

Power Is transferred through magnetic flux. 


2.6 Transformer on DC 

A transformer cannot work on DC. The basic working principle of a transformer is electro-magnetic 
induction, i.e, when flux linking with a coil changes an emf is induced in it. If DC is applied to one of 
the winding (primary) of a transformer, it will set a constant magnetic field in magnetic core. Hence 
no emf will be induced either in primary or secondary. Then electric power cannot be transformed 
from one circuit (primary) to the other (secondary). 

Moreover, if rated DC voltage is applied to its primary, high current will be drawn by it since 
there is any counter (self) induced emf which limits the current. Consequently, heaving heat will be 
produced and winding insulation will burn. 

Hence, a transformer cannot work on DC and it is never put-on rated DC supply. 
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2.7 emf Equation 

When sinusoidal voltage is applied to the primary winding of a 
transformer, a sinusoidal flux, as shown in Fig. 2.19. is set up in (j> 
the iron core which links with primary and secondary winding. '' 

Let, ch = Maximum value of flux in Wb; 

/ = supply frequency in Hz (or c/s); 

Ny = No. of turns in primary; 

A/j = No. of turns in secondary. 

As shown in Fig. 2.19, flux changes from + ^ to - ^ in half 



Fig. 2.19 Wave diagram of flux 


a cycle i.e., — second. 


Average rate of change of flux = 


n - (-0m) 

1/2 f 


= 4/ K Wb/s 


Now, the rate of change of flux per turn is the average induced emf per turn in volt. 
Average emf induced per turn = 4/^^ volt 

For a sinusoidal wave, value _ factor = 111 

Average value 

.'. R.M.S. value of emf induced/turn, E = 1.11 x 4/^^ = 4.44/^^ volt 
Since primary and secondary have Aj and N 2 turns, respectively. 

R.M.S. value of emf induced in primary, 

iij = (emf induced/turn) x No. of primary turns 


= 4-44 volt 


...(2.4) 


Similarly, r.m.s. value of emf induced in secondary. 


E = 4-44 volt 


...(2.5) 


From eq. (0, we get, = 4.44/^^ volt/turn 


...(2.6) 


From eq. (?/), we get, = 4.44/^ volt/turn 
A'2 ^ 


...(2.7) 


Equation (2.6) and (2.7) clearly show that emf induced per turn on both the sides i.e., primary 
and secondary is the same. 

Again, we can find the voltage ratio, 


E 4 - 44^2 E, N2 

IT = . ... or ^ (transformation ratio) 


444Ai /0„ 


£i N, 



Single-Phase Transformers 


97 


Equation (i) and {ii) can be written in the form of maximum flux density B using relation, 


ch = B xA. (where A . is iron area) 

'm m i ^ i ' 

E, = AAANJB A. volt 

1 I-’ m I 

E. = 4-44N^fB A. volt 

2 l-f m i 


...( 2 . 8 ) 

...(2.9) 


Example 2.1 

What will be the number of primary and secondary turn of a single-phase 2310/220V, 50 Hz 
transformer which has in emfof 13Vper turn approximately. 


Solution: 


= ^ = 13 V (given); E^ = 2310 V; E^ = 220 V 


Primary turns, ~ 177.69 s 178 {Ans) 

Secondary turns. A/, = ^ = 16.92 s 17 (Ans) 

^ 13 13 

Example 2.2 

A power transformer has 1000 primary turns and 100 secondary turns. The cross-sectional area 
of the core is 6 sq. cm and the maximum flux density while in operation is 10000 Gauss. Calculate 
turns per volt for the primary and secondary windings. 

Solution: 

Here, = 1000; N 2 = 100; A. = 6 cm^ = 6 x 10^“* m^; 

B = 10000 gauss = 10000 x 10 * x 10“* = 1 tesla 


We know, 


E^ = 4.44 N/B^ A. = 4.44 x 1000 x 50 x 1 x 6 x 10 -^ = 133.2 V 
E = 4.44 N^fB A. = 4.44 x 100 x 50 x 1 x 6 x 10 -^ = 13.32 V 


On primary side, number of turns/volt = ^ = 7.5 (Ans) 

133.2 

On secondary side, number of turns/volt = = 7.5 (Ans.) 

£-2 13.32 

The number of turns per volt or voltage per turn on primary and secondary remains the same. 


Example 2.3 

The primary and secondary of a 25 kVA transformer has 500 and 40 turns, respectively. If the primary 
is connected to 3000 V, 50 Hz mains, calculate (i) primary and secondary currents at full load; (ii) 
The secondary emfand (Hi) The maximum flux in the core. Neglect magnetic leakage, resistance of 
the winding and the primary no-load current in relation to the full load current. 
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Solution: 

(0 At full load, 

Now 

secondary current, 

(»■) Secondary emf, 
(iii) Using relation, 

or 


L = 


25 X 10" 
3000 

E, N, 


= 8-33 (Ans.) 


N, 


4 = X /i = ^ X 8-33 = 104*15 A (Ans.) 




40 


£2 = ^ X ^ X 3000 = 240 V (Ans.) 
E. = 4-44 A, fd) 

1 1 •’ Tffl 

3300 = 4-44 X 500 X 50 
3000 


(h 

' m 


4.44 X 500 X 50 


= 27 mWb (Ans) 


Example 2.4 

The emf per turn of an 11 kV/415 V, 50 Hz single-phase core type transformer is 15 V. The maximum 
flux density in the core is 2.5 T. Find number of primary and secondary turns and net cross sectional 
area of core. 


Solution: 


Here, E^= 11000 V; E^ = 415 V;/= 50 

EMF/turn 

No. of primary turns, Aj 

No. of secondary turns, 
Now, £j 

h. 

N, 

Net area, A. 

’ I 


Hz;fi =2.5T 


El 

E 2 

N 2 

N 2 

El 

11000 

15 

15 

E 2 

415 _ 

15 

15 


= 733.33 (Ans) 


4.44 A, fA .B 

1 I m 

4.44 fA.B or 15 = 4.44 X 50 X A. X 2.5 

I m i 

0.045045 m2 = 450.45 cm2 ) 


15 


4.44x50x1.5 


Example 2.5 

A single phase 50 Hz core type transformer has rectangular cores 30 x 20 cm. and the maximum 
allowable density is 1.05 tesla. Find the number of turns per limb on the high and low voltage sides 
for a voltage ratio of3300/200 volt. Take iron factor as 0.93. 


Gross-Cross-Sectional Area = 30 x 20 = 600 cm2 


Solution: 
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A = 600 X 10-4 m2 

sc 

The iron factor is to be taken into consideration as the laminations are insulated from each other and 

_ Net Area of Cross-Section _ A 
' Gross Area of Cross-Section A„^ 

A. = K.xA 

I I gc 

= 0.93 X 600 X 10-4 = 558 x 10-4 m^ 

Emf induced per turn = 4.44 fB .A. 

^ max i 

= 4.44 X 50 X 1.05 x 558 x 10-4 = 13 volt {Ans) 

3300 

Primary turns = = 254 turns {Ans) 

Secondary turns = = 16 turns {Ans) 


Example 2.6 

The Secondary of a 500 kVA, 4400/500 V, 50 Hz, single-phase transformer has 500 turns. Determine 
(i) emf per turn, (ii) primary turns, (Hi) secondary full load current (iv) maximum flux (v) gross 
cross-sectional area of the core for flux density of 1.2 tesla and iron factor is 0.92 (vi) if the core is 
of square cross-section find the width of the limb. 

Solution: 

Here, Rating= 500 kVA; £1 = ^ 1 = 4400 V; Ej = ^2 = 500 V;/= 50 Hz; = 500; = 1.2 T; 

k. = 0.92 

(i) Emf per turn = = 1.0 V/turn (Ans.) 

i V 2 OUvJ 

(ii) Emf per turn = — = ^ = = 10 

A 2 Ai 

44fin 

Primary turns, ^ ^ = 4440 (Ans.) 

(Hi) Secondary full load current, L = ^ = 1000 A (Ans) 

^ V 2 500 

(iv) Maximum flux, 6 = -- = ————— = 4.5 mWb (Ans) 

4.44 x iV 2 x / 4.44 x 500 x 50 

(v) Iron area of the core, A. = — = 37.54 x 10-4 m^ = 37.54 cm^ 

' 1.2 

m 

A- 'xn 

Gross area of the core, A^ = = 40.8 cm^ (Ans.) 


(vi) Width of squared limb = ,Ja^ = V40.8 = 6.39 cm (Ans) 
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Example 2.7 

A 100 kVA, 3300/200 volt, 50 Hz single phase transformer has 40 turns on the secondary, calculate: 

(i) the values of primary and secondary currents. 

(ii) the number of primary turns. 

(Hi) the maximum value of the flux. 

If the transformer is to be used on a 25 Hz system, calculate. 

(iv) the primary voltage, assuming that the flux is increased by 10% 

(v) the kVA rating of the transformer assuming the current density in the windings to be unaltered. 

Solution: 

(0 Full load primary current, f = ^ (Ansi) 

Full load secondary current, E = = 500 A (Ans) 

^ 200 

(ii) No. of Primary turns, N^= N 2 X = 40 X = 660 (Ans.) 

tii'2^ ^yJ\j 

(Hi) We know £2 = 

200 = 4.44x50x «J^^^x40 

^ = 0.0225 Wb (Ans.) 
rmax 4 44 X 50 X 40 

(iv) As the flux is increased by 10% at 25 Hz 

Flux at 25 Hz, S = 0.0225 x 1.1 = 0.02475 Wb 
Primary voltage = 4.44 x Aj x/' x volt 

= 4.44 X 660 X 25 X 0.02475 = 1815 volt (Ans) 

(v) For the same current density, the full load primary and secondary currents remain unaltered. 

kVA rating of the transformer = (Ans.) 

Section Practice Problems 


Numerical Problems 

1. A sinusoidal flux 0.2 Wb (max.) links with 55 turns of a transformer secondary coil. Calculate the r.m.s. 

value to the induced emf in the secondary coil. The supply frequency is 50 Hz. (Ans. 244.2 V) 

2. The primary and secondary turns of a single-phase transformer are 400 and 1100, respectively. The net 

cross sectional area of the core is 60 cm^. When its primary is connected 500V, 50 Hz supply, calculate 
the value of maximum flux density in the core and the emf induced in secondary winding. Draw the vector 
diagram representing the condition. (Ans. 0-938 Tesla, 1250 V) 
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3. A single-phase 200 kVA, 3300/240 volt, 50 Hz. Transformer carries 80 turns on its secondary. What will 

be its. (i) primary and secondary current on full load; (ii) the maximum value of flux; (ill) the number of 
primary turns. (Ans. 60.6 A; 833.3 A; 1100 turns) 

4. A 3300/250 V, 50 Hz, single-phase transformer has an effective cross sectional area of 125 cm^. It has 

70 turns on its low-voltage side. Calculate (a) the value of the maximum flux density (b) the number of 
turns on the high-voltage winding. (Ans. 1.287 Wb/m^; 924) 

5. The secondary of a 100 kVA, 3300/400 V, 50 Hz, one-phase transformer carries 110 turns. Determine the 
approximate values of the primary and secondary full-load currents, the maximum value of flux in the 
core and the number of primary turns. How does the core flux vary with load? 

(Ans. 30.3 A; 250 A; 16.4 mWb; 907) 

6 . A 125 kVA transformer having a primary voltage of 2000 V at 50 Hz has 182 primary turns and 40 

secondary turns. Neglecting losses, calculate (a) the full load primary and secondary current (b) the 
no-load secondary induced emf. [Ans. (a) 62.5 A, 284.4 A (b) 439.5 V] 

Short A nswer Type Questions 

Q.1. What essentially is a transformer? What are the hroad areas of applications of transformer? 

Ans. Transformer is a static device that transfers AC electrical power from one circuit to the other at the 
same frequency but the voltage level is usually changed. 

Its broad area of application is in electrical power system. At generating stations it is used to step-up 
the voltage, for economic reasons, to transmit electric power and at various sub-stations it is used to 
step-down the voltage for economical and safety reasons. 

Q.2. Why does a transformer have iron core? 

Ans. Iron core provides an easy (low reluctance) path for the magnetic lines of force. 

Q.3. Why is the transformer core laminated? 

Ans. The core of a transformer is laminated in order to reduce eddy current losses. 

Q.4. What do you mean hy iron space factor with respect to transformer core? 

Ans. The ratio of the net cross-sectional area to gross cross sectional area of the transformer core is called 
the iron space factor or simply iron factor Ki. 

Ki = Ail Age 

Q.5. When a transformer is connected to the supply, how its windings are named? 

Ans. When a transformer is connected to the supply, the windings are named as primary and secondary 
winding. 

The winding to which supply is connected, is known as primary winding and the winding to which load 
is connected, is known as secondary winding. 

Q.6. Why circular coils are always preferred over rectangular coils for winding a transformer? 

Ans. Circular coils are preferred for winding a transformer as they can be easily wound on machines on a 
former, conductors can easily be bent and winding does not bulge out due to radial forces developed 
during operation. 
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Q.7. Why Sandwiched winding arrangement is preferred in iarge transformers? 

Ans. Sandwiched winding provides better magnetic coupiing and cooiing faciiities in iarge transformers. 

Q.8. is there a definite reiation between the number of turns and voitages in transformers? 

Ans. Yes, voitage is directiy proportionai to number of turns of the winding (1/oc N). 
induced emf in any winding = emf/turn x No. of turns. 

Q.9. What do you mean by major and minor insuiation used in transformer winding? 

Ans. Major insulation: The insuiation in the form of cyiinders provided between /.!/winding and core or 
between il/and Wl/winding is termed as major insuiation. 

MinorinsulationiJhe insuiation provided between individuai turn and between iayer is termed as minor 
insuiation. 

Q.10. Why arcing horns are provided across the transformer bushings? 

Ans. To protect the transformer against iighting. 

Q.11. What is the significance of turn ratio in a transformer? 

Ans. Turn ratio determines whether a transform is to step-up or step-down the voitage. 

Q.12. What is an ideai transformer? 

Ans. An ideai transformer is one which has no ohmic resistance and no magnetic ieakage fiux. 

Q.13. Can a transformer work on DC? Justify. 

Ans. No, a transformer cannot work on DC. If smaii DC is appiied to primary, constant fiux is set-up in the 
core and no emf is induced in the secondary. Hence, no transformer action is possibie. 

Q.14. A transformer is said to be anaiogous to mechanicai gear, why? 

Ans. in mechanicai gear drive, mechanicai power is transferred from one shaft to the other through mechanicai 
gear, whereas in transformer eiectricai power is transferred from one circuit to the other through 
magnetic fiux. 

in mechanicai gear drive, there is perfect ratio between number of teeth and speeds, simiiariy in 
transformer there is perfect ratio between number of turns and induced emfs. 

Q.15. White drawing phasor diagram of an ideal transformer, the flux vector is drawn 90° out of phase 
(tagging) to the suppty voitage, why? 

Ans. Under ideal conditions, transformer behaves as a pure inductive circuit; therefore, magnetising current 
or flux phasor lags behind the voltage phasor by 90°. 

Q.16. Cold rolled grain oriented steel (CRGOS) is used almost exclusively in spite of its high cost, in the 
construction of transformer core, why? 

Ans. It is because cold rolled grain oriented steel has excellent magnetic properties in the direction of rolling 
and hysteresis losses are very small. 

Q.17. Why is the area of yoke of a transformer kept 15 to 20% more than limb? 

Ans. By keeping area of yoke 15 to 20% more than the limb, the flux density in the yoke is reduced which 
reduces the iron losses of the transformer consequently reduces the winding material. 
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Q.18. What is the thickness of iaminations used for transformer core? 
Ans. Thickness of laminations varies from 0.35 to 0.5 mm. 


2.8 Transformer on No-load 

A transformer is said to be on no-load when its secondary winding is kept open and no-load is 
connected across it. As such, no current flows through the secondary i.e., I 2 = 0. Hence, the secondary 
winding is not causing any effect on the magnetic flux set-up in the core or on the current drawn by 
the primary. But the losses cannot be ignored. At no-load, a transformer draws a small current Ig 
(usually 2 to 10% of the rated value). This current has to supply the iron losses (hysteresis and eddy 
current losses) in the core and a very small amount of copper loss in the primary (the primary copper 
losses are so small as compared to core losses that they are generally neglected moreover secondary 
copper losses are zero as is zero). 

Therefore, current lags behind the voltage vector Vj by an angle (called hysteresis angle of 
advance) which is less than 90°, as shown in Fig. 2.20(b). The angle of lag depends upon the losses 
in the transformer. The no-load current has two components; 

(0 One, in phase with the applied voltage V^, called active or working component. It supplies 
the iron losses and a small primary copper losses. 

(ii) The other, in quadrature with the applied voltage V^, called reactive of magnetising 
component. It produces flux in the core and does not consume any power. 

From phasor (vector) diagram shown in Fig. 2.20. 




(a) Circuit diagram (b) Phasor diagram 

Fig. 2.20 Transformer on no-load 


(c) Wave diagram 



Fig. 2.21 Equivalent circuit 
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Working component. 

I = In cos Cj)n 

w 0 tQ 


Magnetising component. 

Lag = L sin </>0 


No-load current. 

L = + tlag 

...(2.10) 

Primary p.f. at no-load. 

cos ^0 = ^ 

...(2.11) 

No-load power input. 

Pq = Vj 4 cos (j)^ 

...(2.12) 

Exciting resistance, 7?^ = —^ 

...(2.13) 

Exciting reactance, ^ 

...(2.14) 


mag 


The equivalent circuit of a transformer at no-load is shown in Fig. 2.22. Here, Rq represents 
the exciting resistance of the transformer which carries power loss component of no-load current, 
i.e., used to meet with the no-load losses in the transformer, whereas represents the exciting 
reactance of the transformer which carries wattless component of no-load current, i.e., used to 
set-up magnetic field in the core. 


2.9 Effect of Magnetisation on No-load (Exciting) Current 

A transformer requires less magnetic material if it is operated at a higher core flux density. Therefore, 
from an economic point of view, a transformer is designed to operate in the saturating region of the 
magnetic core, although it increases the harmonics in the wave. 

When the voltage applied to the primary of a transformer is sinusoidal then the mutual flux set up 
in the core is assumed to be sinusoidal. The no-load current /q (exciting current) will be non-sinusoidal 
due to hysteresis loop which contains fundamental and all odd harmonics. 

Consider the hysteresis loop of the core as shown in Fig. 2.22(a). Since cj) = BA and i = (HUN), the 
hysteresis loop is plotted in terms of flux cj) and current i instead of B and H so that the current required 
to produce a particular value of flux can be read directly. The wave-shape of the no-load current i^ 
can be found from the wave shape of sinusoidal flux and cj) - i characteristics (hysteresis loop) of 
the magnetic core. The graphical procedure to determine the waveform of i^ is shown in Fig. 2.22. 

At point O of the flux-time curve [see Fig. 2.22(fo)], the flux is zero; this corresponds to a current 
OA on the hysteresis loop [see Fig. 2.22(a)]. At point a of the flux-time curve [see Fig. 2.22(f))] cj) = 
aa '; this corresponds to a current OB, [see Fig. 2.22(a) where OB = ‘2’]. The corresponding value of 
current/ q= ‘2’ is plotted on flux-time curve [see Fig. 2.22(f>)]. In brief, the various abscissas of Fig. 2.22 
(a) are plotted as ordinates to determine the shape of the current wave on Fig. 2.22(b). The procedure 
is followed round the whole loop until a sufficient number of points are obtained. The current-time 
curve for the whole loop is plotted. For graphics, only upper half of the hysteresis loop is considered. 

The ascending part of the loop is used for increasing fluxes, and the descending part for decreasing 
fluxes. The waveform of the current in Fig. 2.22(b) represents the magnetising component and the 
hysteresis component of the no-load current. It reaches its maximum at the same time as the flux 
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wave, but the two waves do not go through zero simultaneously. Thus, the current lags behind the 
applied voltage by an angle slightly less than 90°. 



(a) Hysteresis loop of core material (b) Wave forms of sinusoidal flux f and exciting current 

Fig. 2.22 Wave shape of the no-load current of a transformer. 


The above current is required to be modified to account for the eddy-current loss in the core 
and the modified current is called the no-load current, /q. The corresponding current component 
apart from being is phase with applied voltage is sinusoidal in nature as it balances the effect of 
sinusoidal eddy-currents caused by sinusoidal core flux. It is, therefore, seen that eddy-currents do 
not introduce any harmonic in the exciting current. However, eddy-current loss reduces the angle 
between the applied voltage Vj and the no-load current, /g. 

It is seen that the waveform of the no-load current contains third, fifth and higher-order odd 
harmonics which increase rapidly if the maximum flux is taken further into saturation. However, 
the third harmonic is the predominant one. For all practical purposes harmonics higher than third 
are negligible. In no-load current, the third harmonic is nearly 5 to 10% of the fundamental at rated 
voltage. However, it may increase to 30 to 40% when the voltage rises to 150% of its rated value. 

When the load on the transformer is linear, the sinusoidal load current is so large that it swamp out 
the non-sinusoidal nature of the primary current. Therefore, for all practical purposes, the primary 
current is considered sinusoidal at all loads. 

In certain 3-phase transformer-connections, third-harmonic current cannot flow, as a result the 
magnetising current is almost sinusoidal. For satisfaction of BH curve, the core flux cj) must 
then be non-sinusoidal; it is a flat-topped wave, as shown in Fig. 2.23(b). This can be verified by 
assuming a sinusoidal magnetising current and then finding out the flux wave shape from the flux- 
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magnetising current relationship, the normal magnetising curve, neglecting hysteresis component 
which is in phase with V^. Since the flux is flat-topped, the emf which is its derivative will now be 
peaky with a strong third harmonic component. The various waveforms are illustrated in Fig. 2.23. 



Fundamental 

(a) (b) (c) 

Fig. 2.23 Wave shapes of magnetising currents 

Under load conditions the total primary current is equal to the phasor sum of load current and 
no-load current. Since the magnitude of the load current is very large as compared to the no-load 
current, the primary current is almost sinusoidal, for all practical purposes, under load conditions. 

Thus, while operating in saturated region, the magnetising current contains more percentage 
(30 to 40%) of harmonics. 

Note: When a transformer is operated in the saturated region of magnetisation, the magnetising 
current wave-shape is further distorted and contains more percentage of harmonics. 

However, for economic reasons, usually transformers are designed to operate in saturated region. 
A transformer will require smaller quantity of magnetic material if it is designed for saturated region. 


2.10 Inrush of Magnetising Current 


When a transformer is initially energised, there is a sudden inrush of primary current. The maximum 
value attained by the flux may reach to twice the normal flux. The core is driven far into saturation 
with the result that the magnetising current has a very high peak value. 

For mathematical treatment, let the applied voltage be, 

Vj = Vjjjj sin (cot -F oc) .. .(2.15) 

The secondary of the transformer is open circuited. Here oc the angle of the voltage sinusoid at 
t = 0. Suppose for the moment we neglect core losses and primary resistance, then 

CO 


dt 


...(2.16) 


where is the number of primary turns and cj) is the flux in the core. In the steady-state 

= ...(2.17) 

I .. ^ _ EL(j) Q[YiQ)t = cos ft) f, it will be maximum when cos 0)t= 1 ] 

I dt dt 'I'm rm ’ I 
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From eqn. (2.15) and (2.16), we get, 

" Vi^sin(®t + oc) 

sin (wt+ a) ...(2.18) 

at A'l 

From eqn. (2.17) and (2.18), we get, 

^ = CO(j)m sin {cot + OC) .. .(2.19) 

Integrating the eqn. (2.19), we get, 

^ cos {cot + oc) + .. .(2.20) 

where cf)^ is the constant of integration. Its value can be found from initial conditions at f = 0. Assume 
that when the transformer was last disconnected from the supply line, a small residual flux tj)^ remained 
in the core. Thus at f = 0, ^ = (j)^. 

Substituting these values in eqn. (2.20) 

(h = -(j) cos OC + (^ 

' r ' m ' c 

cos OC ...(2.21) 

Then the eqn. (2.20) becomes 

(j) = -(j)^ cos {cot + oc) + (j)^+ (j)^ cos a .. .(2.22) 

Steady-state component transient component 

of flux i.e., of flux i.e., cj)^ 

Equation (2.22) shows that the flux consists of two components, the steady-state component 
and the transient component cf)^. The magnitude of the transient component 

(b = (b (b cos oc 

' c ' r ' m 

is a function of oc, where oc is the instant at which the transformer is switched on to the supply. 

If the transformer is switched on at oc = 0, then cos oc = 1 

(b = (b (b 

' c ' r ' m 

Under this condition 

(b = -(b cos cot -¥ (b ■¥ (b 

' ' m ' r ' m 

AiCOt=K, ^ • • •(2-23) 

Thus, the core flux attains the maximum value of flux equal to (2 tf)^ H- (j)f, which is over and 
above twice the normal flux as shown in Fig. 2.24. This is known as doubling effect. Consequently, 
the core goes into deep saturation. The magnetising current required for producing such a large flux 
in the core may be as large as 10 times the normal magnetising current. Sometimes the rms value 
of magnetising current may be larger than the primary rated current of the transformer as shown in 
Fig. 2.25. 
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This inrush current may produce electromagnetic forces about 25 times the normal value. 
Therefore, the windings of large transformers are strongly braced. 

Inrush current may also cause (/) improper operation of protective devices like unwarranted 
tripping of relays, (ii) momentary large voltage drops and {Hi) large humming due to magnetostriction 
of the core. 

To obtain no transient inrush current, should be zero: 


(h = (h + (h cos oc = 0 or cos a = 

TC Tr Yfn ^ 


...(2.24) 


Since (j)^ is usually very small cos a = 0 and a = 


nK 

2 ■ 


...(2.25) 


In other words, if the transformer is connected to the supply line near a positive or negative voltage 
maximum, the current inrush will be minimised. It is usually impractical to attempt to connect a 
transformer at a predetermined time in the voltage cycle. 

Fortunately, inrush currents do not occur as might be thought. The magnitude of the inrush 
current is also less than the value calculated by purely theoretical considerations. The effects of 
other transformers in the system, load currents and capacitances all contribute to the reduction 
of transients. 
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Example 2.8 

A 230/110 V single-phase transformer has a core loss of 100 W. If the input under no-load condition 
is 400 VA, find core loss current, magnetising current and no-load power factor angle. 

Solution: 

Here, Vj = 230 V; Vj = ^0 V; P. = 100 W 

Input at no-load = 400 VA 

i.e., Vj /g = 400 

or No-load current, /g = = 1-739 A 

Core loss current, I^ = ^ = 0-4348 A (Ans) 

Magnetising current, = -^/g - = •^(1*739)^ - (0*4348)^ = 1-684 A {Ans) 

No-load power factor, cos <I>q = ^ ~ {Ans) 

i Q i* ! Oy 

No-load power factor angle, ^g = cos^' 0-25 = 75-52“ {Ans) 

Example 2.9 

A single phase, 50 kVA, 2300/230 V, 50 Hz transformer is connected to 230 V supply on the secondary 
side, the primary being open. The meter indicate the following readings: 

Power = 230 watt 
Voltage = 230 V 
Current = 6-5 A 

Find (0 Core loss: {ii) loss component of the current; {Hi) magnetising current. Draw the phasor 
diagram for this condition. 

Solution: 


Power input at no-load, Pg = 230 W 
Supply voltage, = 230 V 
Current at no-load, /g = 6-5 A 

(0 Since low voltage winding resistance is not given, the copper losses cannot be separated, 
therefore, whole of the power input will represent the iron or core losses. 

Core loss = 230 W {Ans) 


{ii) Using relation Pg = Vj 7g cos ^ q=V^I^ 


Loss component of current, 


Vi 


230 

230 


= 1.0 A {Ans) 
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{Hi) Magnetising current, = -^{b.Sf - (1.0)^ = 6.423 A {Ans) 

Under the given condition, transformer is operated at no-load. The phasor diagram is shown in 
Fig. 2.11. 

Where F, = 230 V; /„ = 6-5 A; / = 1.0 A; / = 6.423 A; E, = 230 V; E. = 2300 V 

1 ’0 ’ w ’ mag ’1 ’2 

Example 2.10 

A 230V, 50 Hz transformer has 200 primary turns. It draws 5 A at 0.25 p.f lagging at no-load. 
Determine: 

(i) Maximum value of flux in the core; (ii) Core loss; (Hi) Magnetising current (iv) Exciting resistance 
and reactance of the transformer. Also draw its equivalent circuit. 


Solution: 

(i) Using the relation, E^= A.AA N^f (p^ 

or 230 = 4.44 x 220 x 50 x 

Maximum value of flux (j>^ = 5.18 m Wb (Ans) 

(ii) Core loss, Pg = Vj Zg cos ^g = 230 x 5 x 0-25 = 287.5 W (Ans) 

(Hi) No-load p.f., cos ^g = 0-25; sin (j>Q = sin cos"' 0-25 = 0-9682 

Magnetising current component, 7^ = 7 q sin ^g = 5 x 0-9682 = 4.84A (Ans) 

Exciting resistance, P„ = — = —= 184 Q (Ans.) 

® ° 4 4 cos(^g 5x0.25 

V, 9^n 

Exciting reactance, = —— = , „, = 47.52 Q (Ans.) 

"7 4.84 

mag -r.u-r 

The equivalent circuit is shown in Fig. 2.26. The values of different quantities are mentioned in the 
solution itself. 






^'mag 


V-l E 


_ 


r ^ 



Fig. 2.26 Equivalent circuit of transformer at no-load. 


Example 2.11 

At open circuit, transformer of 10 kVA, 500/250 V, 50 Hz draws a power of 167 watt at 0.745 A, 500 
V. Determine the magnetising current, wattful current, no-load power factor, hysteresis angle of 
advance, equivalent resistance and reactance of exciting circuit referred to primary side. 



Solution: 

Here, Vj = 500 V; = 0.745 A; = 167 W 
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Wattful component of current, 1^ 
Magnetising component of current, 

No-load power factor, cos 
Hysteresis angle of advance, 

Exciting resistance, Rq 

Exciting reactance, Xg 


^ = |Z,o.334A(.4„.) 


i 


/2 _ /2 


V(0.745)^ - (0.334)2 = 0.666 A (An^.) 
0.334 


/g 0.745 


: 0.448 lag (Ans) 


cos-' 0.448 = 63.36° lag (Ans) 


E, 


V, 


4ag 0-666 


500 

0.334 


500 


1497 Q (Ans.) 


■■ 750 Q (Ans.) 


Example 2.12 

A transformer working on 2200 V, 50 Hz has 220 primary turns. The core has a mean length of 
magnetic path of 100 cm and cross-sectional area 1000 sq. cm. the iron having a relative permeability 
of 100. The iron loss is 400 watt. Calculate primary no-load current. 


Solution: 

Here, 


Now, 


Ej = 2200 V;/= 50 Hz; = 220 turns; 

A. = 1000 cm2 = 1000 x 10-^ = 0.1 m2; = 1000; 


W. = 400 W; I = 100 cm = 1 m 

I ’ m 


Magnetising force, H = 




Flux density, pH = p^^ x ‘ 

V,= 4.44 «,/,«,/ 

.4.44xy^, x "''7 ‘'"“* xA, x«,x/ 


or I 




magimax) 4 44 ^ p^p^ X A; X A; X A; X / 

j ^ _ 

magirms) ^ ^ ^ ^ ^ X N, X f 
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f ^ _ 2200 X 1 _ 

V2 X 4.44 X 4a: X 10“’ x 1000 x 220 x 0.1 x 220 x 50 
= 2.152 A 


/ 

W 


Iron loss 


400 

2200 


= 0.182 A 


^ = V(l-152)" +(0.182)2 = 1.166 A (Ans.) 


Example 2.13 

The iron core of a single-phase transformer has a mean length of magnetic path as 2.5m and its joints 
are equivalent to an air gap of 0.1 mm. The transformer has 500 and 50 turns on its primary and 
secondary, respectively. When a potential difference of3000 V is applied to the primary, maximum 
flux density in the core is 1.2 Wb/rn^. Calculate (i) the cross-sectional area of the core (ii) no-load 
secondary voltage (Hi) no-load current drawn by the primary (iv) power factor on no-load. Given 
that AT/m for a flux density of 1.2 Wb/m^ in iron to be 500, the corresponding iron loss to be 2 watt/ 
kg at 50 Hz and the density of iron as 7.8 g/cm^. 


Solution: 

Here, N, = 500; A, = 50; E, = 3000 V; f= 50 Hz; B = 1.2 Wb/m^ 

(i) We know, = 4.44 Nf^B^A. 

Net area of cross-section of core. 


. ^ El ^ _3000_ 

‘ 4.44NJB^ 4.44x500x 50x 1.2 

= 225 cm^ (Ans.) 

(ii) Transformation ratio, K= ^ = 0.1 

No-load secondary voltage, Ej = = 0.1 x 3000 = 300 V (Ans.) 

(Hi) AT for iron path, AT. = AT/m x 1. = 500 x 2.5 = 750 


0.0225 m2 


AT for air gap, AT = HI =^xl= -^ X 0.1 X lO”^ = 95.5 

^ Bo ^ 4;rxl0-2 

Total AT = AT. + AT^ = 750 + 95.5 = 845.5 
Maximum value of magnetising current drawn by primary 


I = = 1 691 A 

mag(max.) 5QQ 

Assuming the current to be sinusoidal, rms value of this current 

j _ ^mag(max.) _ 1.691 _ j ^ 

V2 V2 ■ 
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Volume of iron core 

Density of iron 
Mass of iron core 
Total iron loss, F 

Working component of current, 

No-load current, Iq 


area of cross-section x mean length of iron 
0.0225 X 2.5 = 0.03375 m^ 

7.8 g/cm^ = 7.8 x 10® x 10-^ = 7800 kg/m^ 

Volume X density = 0.03375 x 7800 = 263.25 kg 

iron loss/kg x mass (given that iron loss/kg = 2 W) 


2 X 263.25 = 526.5 W 
Pi 526.5 


V, 3000 


= 0.1755 A 


I 


'll + /ig = V(0-1755)2 +(1.196)2 


: 1.21 A {Ans) 


(iv) Power factor at no-load, cos 


0.1755 

1.21 


= 0.145 lag (Ans.) 


Section Practice Problems 


Numerical Problems 

1. A single phase, 50 kVA, 2300/230 V, 50 Hz transformer is connected to 230 V supply on the secondary 
side, the primary being open. The meter indicate the following readings: Power = 187 watt; Voltage = 230 
V; Current = 6-5 A. Find (/) core loss; (//') loss component of the current; [Hi) magnetising current. 

(Ans. 187 W: 0-813 A: 6-45 A) 

2. A single-phase, 230V, 50 Hz transformer draws 5A at 0.25 pf. Its primary winding carries 200 turns. 
Determine (a) the maximum value of flux in the core, {b) the core loss (c) the magnetising component of 
current and (c/) exciting resistance and reactance. (Ans. 5.293 m Wb; 293.75 W; 4.84 A; 268 Q., 69.2Ti) 

3. The primary and secondary of asingle-phase transformer carry 500 and 100 truns, respectively. The mean 
length of the flux in the iron core is 200 cm and the joints are equivalent to an air gap of 0.1 mm. If the 
maximum value of flux density is to be 1.1 Wb/m^ when a potential difference of 2200 volt at 50 cycles 
is applied to the primary, calculate (/) the cross-sectional area of the core (//) the secondary voltage on 
no-load (Hi) the primary current and power factor on no-load. 

Assume that 400 At/m are required to produce a flux density of 1.1 Wb/m^ and the corresponding iron 
loss to be 0.8 watt/kg at 50 Hz and the density of the iron to be 7.8 gm/cm^. 

(Ans. 183 cmf 440 K 1-59 A, 0.145 lagging) 


Short Answer Type Questions 

Q.1. Even at no-load, a transformer draws current from the mains. Why? 

Ans. At no-load, what so ever current is drawn by a transformer that is used to meet with iron losses and 
to produce magnetic flux is the core. 

Q.2. What do you mean hy exciting resistance and exciting reactance? 

Ans. At no-load, a transformer behaves as a highly inductive load connected to the system which contains 
some resistance and inductance in parallel. The resistance is called exciting resistance Rq = Vfl^anb 
reactance is called exciting reactance, Ag = 
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Q.3. Usually, transformers are designed to operate in saturated region. Why? 

Ans. If a transformer is operated in saturated region, a smaller quantity of magnetic material is required, 
therefore, for economic reasons, usually transformers are designed to operate is saturated region. 

Q.4. What is douhling effect in transformer core? 

Ans. When a transformer is initially energised, there is a sudden inrush of primary current. The maximum 
value attained by the flux may reach to twice the normal flux. This condition is known as doubling effect 
and the core goes into deep saturation. 

Q.5. Does the magnetising current of a transformer lie in-phase with the applied voltage? Justify. 

Ans. No, the phasor of magnetising current lies in quadrature i.e., lags behind the applied voltage by 90°. It 
is because in pure inductive circuits, current lags behind the voltage by 90°. 

Q.6. What is the effect of saturation on exciting current of transformer? 

Ans. When a transformer is operated in the saturated region of magnetisation, the magnetising current 
waveshape in further distorted and contains more percentage of harmonics. 

Q.7. What are the ill-effects of inrush current of transformer? 

Ans. Following are the ill-effects of inrush current in a transformer: 

(/) Improper operation of protective devices 

(//') Momentary large voltage drops and 

{Hi) Large humming due to magnetostriction effect. 


2.11 Transformer on Load 

(Neglecting winding resistance and leakage flux) 
When a certain load is connected across the secondary, a current f flows through it as shown in 
Fig. 2.27(i). The magnitude of current f depends upon terminal voltage V 2 and impedance of the 
load. The phase angle of secondary current f with respect to Vj depends upon the nature of load i.e., 
whether the load is resistive, inductive or capacitive. 



The operation of the transformer on load is explained below with the help of number of diagrams; 

(i) When the transformer is on no-load as shown in Fig. 2.21(ii)(a) it draws no-load current 1^ from 
the supply mains. The no-load current Iq produces an mmf Iq which sets up flux in the core. 
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(»■) When the transformer is loaded, current flows in the secondary winding. This secondary 
current produces an mmf I 2 which sets up flux iii the core. As per Lenz’s law this flux 
opposes the main flux as shown in Fig. 2.21(ii){b). 

(Hi) As ^2 is set-up in opposite direction to the main flux, the resultant flux tends to decrease and 
causes the reduction of self-induced emf momentarily. Thus, predominates over E-^ causing 
additional primary current drawn from the supply mains. The amount of this additional current 

/j is such that the original conditions i.e., flux in the core must he restored, so that = E^- The 
current f is in phase opposition with and is called primary counter balancing current. This 
additional current produces an mmf /j' which sets up flux (fi, in the same direction as that 
of (j) as shown in Fig. 2.21{ii)(c), and cancels the flux ^^t up hy mmf I 2 



(c) (d) 

Fig. 2.27 (ii) Transformer action when load is applied to it. 


Ny /j' = N 212 (ampere-turns balance) 


A'=^4 = ^4 

(iv) Thus, the flux is restored to its original value as shown in Fig. 2.21{ii)(d). The total primary 
current f is the vector sum of current and i.e., /j = /g H- If 

This shows that flux in the core of a transformer remains the same from no-load to full-load; this 
is the reason why iron losses in a transformer remain the same from no-load to full-load 


2.12 Phasor Diagram of a Loaded Transformer 

(Neglecting voltage drops in the windings; ampere-turns balance) 
Since the voltage drops in both the windings of the transformer are neglected, therefore, 

Vj = and E 2 = V 2 

While drawing the phasor diagram the following important points are to be considered. 
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(0 

{ii) 

(Hi) 


For simplicity, let the transformation ratio /T = 1 be considered, therefore, £2 = £ 2 - 

The secondary current is in phase, lags behind and leads the secondary terminal voltage 1^2 

by an angle for resistive, inductive and capacitive load, respectively. 


The counter balancing current = 
(i.e., /j' = KI 2 here K = I /j' = I 2 ) 


Nr 


and is 180° out of phase with 12 - 


...(2.26) 



(a) For unity p.f. (b) For lagging p.f. (c) For leading p.f. 

Fig. 2.28 Phaser diagram on-load (neglecting winding resistance and leakage reactance) 


(iv) The total primary current is the vector sum of no-load primary current /q and counter balancing 
current /j'. 

i.e., 7^ = 4 -F 77 or 7^ = ^(4)^ +(Ii')^ -f2/o//cos0 ...(2.27) 

Where 6 is the phase angle between 4 and /j'. 

(v) The p.f. on the primary side is cos (j>^ which is less than the load p.f cos ^2 on the secondary 
side. Its value is determined by the relation; 


cos = 


4 COS0Q + /j' cos 02 

A 


...(2.28) 


The phasor diagrams of the transformer for resistance, inductive and capacitive loads are shown 
in Figs. 2.28(a), (b) and (c), respectively. 

Alternately 

The primary current 4 can also be determined by resolving the vectors, i.e., 

4 = Iq cos 0Q -F / j cos 02 [where sin 0^ = sin cos^t (^qs 0g) .. .(2.29) 


= 4 sin 0g -F / j sin 02 


and sin 02 = sin cos ' (cos 02)] .. .(2.30) 


A = + Unf 


...(2.31) 
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Example 2.14 

A 440/110 V, single phase transformer draws a no-load current of 5 A at 0.2 p.f lagging. If a current 
of 120 A at 0.8 p.f lagging is supplied by the secondary, calculate the primary current and p.f. 


Solution: 

E-, Ilf) 

Transformation ratio, K = —= = 0.25 

440 

Let the primary counter balancing current be 

Then // =K1^ = 0.25 x 120 = 30 A 

Now cos = 0-2; = cos^' 0.2 = 78-46° 

cos ^2 = 0-8; ^2 = cos^' 0.8 = 36.87° 


Primary p.f., 


A = 


cos 


6 ) = ^g - ^2 = 78-46° - 36-87° = 41-59° 

^(lof + (Iff+2 lo If cosG 

^(5f + (30)^ + 2 X 5 X 30 X cos 41*59” = 33-9 A (Ans.) 
/[' cos 02 + -^0 00 


30 X 0-8 + 5 X 0-2 
3T9 


= 0-7375 lag (Ans.) 


Example 2.15 

A single phase transformer with a ratio of 6600/400 V (primary to secondary voltage) takes to 
no-load current of 0-7 A at 0-24 power factor lagging. If a current of 120 A at a power factor of 0-8 
lagging is supplied by its secondary. Estimate the current drawn by the primary winding. 

Solution: 

Here, /g = 0-7A; cos 0g = 0.24 lag; 1^ = 120A; cos tj)^ = 0-8 lag 

Transformation ratio, K = — = 

Vi 6600 33 

Let the primary counter balance current be 1^. 

N f' = N 1 

iVj ij ■''' 2'2 

or //= ^XL =/^L= ;^xl20 = 7-273 A 

Ny ^ -^33 

Now, cos 0g = 0-24; 0g = cos^' 0-24 = 76-11° 

cos 02 = 0-8; 02 = cos^' 0-8 = 36-87° 

Angle between vector /g and f [refer Fig. 2.14 (b)] 


6 ) = 76-11°-36-87° = 39-24‘ 
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Current drawn by the primary, 


A = + (h'f + 2I0I1'cose 


= Mo.lf + (7.273)^ + 2 X 0.7 X 1213 X cos 39.24” = 7-827 A {Ans.) 


2.13 Transformer with Winding Resistance 


In an actual transformer, the primary and secondary windings r., R2 

have some resistance represented by and R^, respectively. ^ ANstv- ^ 

These resistances are shown external to the windings in Fig. ^ '^2 

2.29 To make the calculations easy the resistance of the two ° '- 

windings can be transferred to either side. The resistance is - 

transferred from one side to the other in such a manner that Fig. 2.29 Transformer windings 
percentage voltage drop remains the same when represented with resistance 

on either side. 

Let the primary resistance R^ be transferred to the secondary side and the new value of this 
resistance be R^ called equivalent resistance of primary referred to secondary side as shown in Fig. 
2.30(a). /j and be the full load primary and secondary currents, respectively. 


X 100 


X 100 


(% voltage drops) 


X ^ X 


...(2.32) 


Total equivalent resistance referred to secondary. 


R^ + R{ = R2 + K^ Ri 


...(2.33) 


Now consider resistance /? 2 , when it is transferred to primary, let its new value be R^ called 
equivalent resistance of secondary referred to primary as shown in Fig. 2.30(c). 



Fig. 2.30 Equivalent resistance referred to either side 
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X 100 = ^ X 100 or /? ’ = ^2 X ^ X ^ 
V'l V 2 h ^2 


...(2.34) 


Total equivalent resistance referred to primary, 


R — /?, + R^ — R-, + — 

ep 12 1 jr^2 


...(2.35) 


2.14 Mutual and Leakage Fluxes 

So far, it is assumed that when AC supply is given to the primary winding of a transformer, an 
alternating flux is set up in the core and whole of this flux links with both the primary and secondary 
windings. However, in an actual transformer, both the windings produce some flux that links only 
with the winding that produces it. 



(a) Circuit diagram (b) Equivalent circuit 

Fig. 2.31 Transformer primary and secondary winding reactance 


The flux that links with both the windings of the transformer is called mutual flux and the flux 
which links only with one winding of the transformer and not to the other is called leakage flux. 

The primary ampere turns produce some flux which is set up in air and links only with primary 
winding, as shown in Fig. 2.31(a), is called primary leakage flux. 

Similarly, secondary ampere turns produce some flux which is set up in air and links only 
with secondary winding called is secondary leakage flux. 

The primary leakage flux (p^^ is proportional to the primary current f and secondary leakage flux 
(pi ^2 is proportional to secondary current I^. The primary leakage flux (p^^ produces self-inductance Lj 
(= Aj^^j//j) which in turn produces leakage reactance Zj(= 271 fL^. Similarly, secondary leakage flux 
^,2 produces leakage reactance (= 271 fL^). The leakage reactance (inductive) have been shown 
external to the windings in Fig. 2.31(b). 


2.15 Equivalent Reactance 

To make the calculations easy the reactances of the two winding can be transferred to any one side. 
The reactance from one side to the other is transferred in such a manner that percentage voltage drop 
remains the same when represented on either side. 

Let the primary reactance be transferred to the secondary and the new value of this reactance 
is Xj' called equivalent reactance of primary referred to secondary, as shown in Fig. 2.32(a). 
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Fig. 2.32 Equivalent reactance referred to either side. 
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Equivalent resistance referred to secondary side, 

= /?2 + /?'i =R^ + R^xK^ = 0.0064 + 0.16 x (0.2)2^0.0128 ohm {Ans) 
Equivalent reactance referred to secondary side, 

= 0.02 + 0.5 X (0.2)2 = o.04 ohm {Ans) 


Example 2.17 

A 33 kVA, 2200/220V, 50Hz single phase transformer has the following parameters. Primary winding 
resistance r^ = 2.4 Q, Leakage reactance Xj = 6Ll Secondary winding resistance r^ = 0.03 0. Leakage 
reactance X 2 = 0.07 LI. Then find Primary, Secondary and equivalent resistance and reactance. 


Solution: 

Here, Rating of transformer = 33 kVA; = 2200 V; V 2 = 220 V; 

/= 50 Hz; Rj = 2.4 Q; Xj = 6 Q; R^ = 0.03 Q; = 0.07 LI 


Transformation ratio, K = 


Yi 


220 

2200 


= 0.1 


Transformer resistance referred to primary side; 


R = R, -{-r' = R, -i-^ = 2.4 + = 2.4 + 3 = 5.4 LI (Ans) 

ep I ^2 

Transformer reactance referred to primary side; 

A = X,+x' = X,+^ = 6 + -YYiL = 6 + 7 = 13 Q {Ans) 

ep 1 ^2 (.qj^2 


Transformer resistance referred to secondary side; 

= ^2 + ^'1 = ^2 + ^ ^ = 0-03 + 2.4(0.1)2 = 0.054 LI {Ans) 

Transformer reactance referred to secondary side; 


= A2 + Aj = A2 + Aj X a2 = 0.07 + 6 X (0.1)^ = 0.13 LI {Ans) 


Example 2.18 

A single phase transformer having voltage ratio 2500/250V (primary to secondary) has a primary 
resistance and reactance 1-8 ohm and 4-2 ohm, respectively. The corresponding secondary values 
are 0-02 and 0-045 ohm. Determine the total resistance and reactance referred to secondary side. 
Also calculate the impedance of transformer referred to secondary side. 


Solution: 

Here, R^ = 1-8 L2; X, = 4-2 L2; R^ = 0-02 Q; A 2 = 0-045 LI 


Transformation ratio, K = ^ = = 0.1 

Total resistance referred to secondary side, 

R^^ = ^2 + ^ 1 ' = R2 + Ri^K^ = 0 02 + 1-8 X (0-1)2 ^ Q.Q33 q (^2ln^.) 
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Total reactance referred to secondary side, 

= Z 2 + X( = Z 2 + Zj X = 0-045 + 4-2 x (O-l)^ = 0-087 Q (Ans) 
Impedance of transformer referred to secondary side, 

Z,, = sl(Res f+(Ks f = V(0 • 038)2 ^ (Q . Qg7)2 

= 0-095 Q (Ans.) 


Section Practice Problems 


Numerical Problems 

1 . The primary winding of a singie-phase transformer having 350 turns is connected to 2.2 kV, 50 Hz suppiy. 

if its secondary winding consists of 38 turns, determine (/') the secondary voitage on no-ioad. (//) The 
primary current when secondary current is 200 A at 0-8 p.f. iagging, if the no-ioad current is 5 A at 0-2 
p.f. iagging. (Hi) the p.f. of the primary current. (Ans. 238-8 I/, 25-67A, 0-7156 lag) 

2. The primary of a singie phase, 2200/239V transformer is connected to 2.2 kV, 50 Hz suppiy, determine 

(/) the primary and secondary turns if the emf per turns 6.286 V. 

(/'/) the primary current when the secondary current is 200 A at 0.8 p.f. iagging, if the no-ioad current 
is 5 A at 0.2 power factor iagging 

(Hi) the power factor of the primary current. (Ans. 350, 38; 25.65 A; 0.715 lag) 

3. A singie phase transformer takes a no-ioad current of 4A at a p.f. of 0.24 iagging. The ratio of turns in the 

primary to secondary is 4. Find the current taken by the transformer primary when the secondary suppiies 
a ioad current of 240 A at a power factor 0.9 iagging. (Ans. 62.58A) 

4. A 5000/500 V, one-phase transformer has primary and secondary resistance of 0.2 ohm and 0.025 ohm and 
corresponding reactance of 4 ohm and 0.04 ohm, respectiveiy. Determine: (/) Equivaient resistance and 
reactance of primary referred to secondary; (//) Totai resistance and reactance referred to secondary; (Hi) 
Equivaient resistance and reactance of secondary referred to primary; (/V) Totai resistance and reactance 
referred to primary. 

(Ans. 0-020-04 n.-, 0-045n: 0-08Q.\ 2-5n: 4Q; 4-5n-, 8n) 

5. A 2000/200 voit transformer has a primary resistance 2.3 ohm and reactance 4.2 ohm, the secondary 

resistance 0.025 ohm and reactance 0 04 ohm. Determine totai resistance and reactance referred to 
primary side. (Ans. 4.8Ci\ 8.2Q.) 

6. A transformer has 500 and 100 turns on its primary and secondary, respectiveiy. The primary and secondary 
resistances are 0-3 ohm and 0-1 ohm. The ieakage reactances of the primary and secondary are 1-1 ohm 
and 0 035 ohm, respectiveiy. Caicuiate the equivaient impedance referred to the primary circuit. 

(Ans. 3.426 Cl) 


Short Answer Type Qu estions 

Q.1. What do you know about reactance in a transtormer? 

Ans. The primary ieakage fiux iinking with its own turns produce seif inductance (1^ = /V^^/Zi). The opposition 
offered by this inductance to the fiow of primary current is caiied primary reactance. 
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Q.2. How leakage reactance of transformer can be reduced? 

Ans. It can be reduced by reducing leakage flux i.e., by sandwiching the primary and secondary. 

Q.3. When load current of a transformer increases, how does the input current adjust to meet the new 
conditions? 

Ans. When load current of a transformer increases, its secondary ampere-turns (/Vj/j) set-up a flux in the 
core, and to counter balance this flux, primary draws extra current (//) from the mains so that ampere- 
turns are balanced i.e., ///V^ = /j/Vj. 

Q.4. How does leakage flux occur in a transformer? 

Ans. When current flows through primary winding of a transformer, it produces magnetic flux. Most of the 
flux is set-up in the magnetic core, since it offers very low reluctance, and links with the secondary. 
But at the same time minute flux is set-up in air around the coil which does not link with the secondary. 
This magnetic flux is called primary leakage flux. 

Similarly, there will be secondary leakage flux. 

Q.5. Explain that “The main flux in a transformer remains practically invariable under all conditions of 
load.” 

Ans. When a transformer is connected to the supply at no-load a flux is set-up in the core called main flux 
(mutual flux). 

When load is applied on the secondary, the secondary ampere-turns set-up a flux in the core in 
opposite direction to the main field which reduces the main field momentarily and hence reduces the 
self-induced emf Ey 

Instantly, primary draws extra current // from the main to counter balance the secondary ampere-turns, 
such that /^/V^ = /j/Vj. 

Hence, the resultant flux in the core remains the same irrespective of the load. 

Q.6. “Tbe overall reactance of transformer decreases with load.” Explain. (Hint: L = N(l>/I) 

or 

Wby tbe transformers operate at poor pf when lightiy loaded? 

Ans. We know that total reactance of a transformer is Nij>/I, where / is the load current. Larger the load 
current, smaller will be the inductance or reactance {27ifL). 

Hence, overall reactance of a transformer decreases with the increase in load. 

That is why transformers operate at poor ptwhen lightly loaded. 

Q.7. Does the flux in a transformer core increase with load? 

Ans. No, flux in the core of a transformer remains the same from no-load to full-load. 


2.16 Actual Transformer 


An actual transformer has (;) Primary and secondary resistances and /? 2 , (H) primary and secondary 
leakage reactances Zj and X 2 (Hi) iron and copper losses and (iv) exciting resistance Rq and exciting 
reactance X^. The equivalent circuit of an actual transformer is shown in Fig. 2.33. 
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Fig. 2.33 Equivalent circuit for loaded transformer 


Primary impedance, 

^ =R^+jX^ ...(2.40) 

Supply voltage is V^- The resistance and leakage reactance of primary winding are responsible 
for some voltage drop in primary winding. 

V, =~E,+T^{R^+jX^) = ~E,+T,Z^ ...(2.41) 

where, I\ = I\+Iq 

Secondary impedance, Z 2 = R 2 + j X^ .. .(2.42) 

Similarly, the resistance and leakage reactance of secondary winding are responsible for some 
voltage drop in secondary winding. Hence, 

V 2 =~^2-h{R2+j^2) = ~E2-T2T2 ■■■(2.43) 

The phasor (vector) diagrams of an actual transformer for resistive, inductive and capacitive loads 
are shown in Figs. 2.34(a), 2.34(fo) and 2.34(c), respectively. The drops in resistances are drawn in 
phase with current vectors and drops in reactances are drawn perpendicular to the current vectors. 



Fig. 2.34 Complete phasor diagram for loaded transformer 
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2.17 Simplified Equivalent Circuit 

While drawing simplified circuit of a transformer, the exciting circuit (i.e., exciting resistance and 
exciting reactance) can be omitted. 

The simplified equivalent circuit of a transformer is drawn by representing all the parameters of 
the transformer either on the secondary or on the primary side. The no-load current /g is neglected 
as its value is very small as compared to full load current, therefore, /j' = f 

(i) Equivalent circuit when all the quantities are referred to secondary. 

The primary resistance when referred to secondary side, its value is R^' = and the total or 

equivalent resistance of transformer referred to secondary, R^^ = R 2 + Rf Similarly, the primary 
reactance when referred to secondary side, its value is and the total or equivalent reactance 

of transformer referred to secondary, X^^ = X^ +Xf All the quantities when referred to the secondary 
side are shown in Fig. 2.35. 



Fig. 2.35 Simplified equivalent circuit referred to secondary side 


Total or equivalent impedance referred to secondary side, 
Z =R +jX 

e.S PR J PR 


...(2.44) 


There is some voltage drop in resistance and reactance of transformer referred to secondary. Hence, 


y^=E^- 4 + j X,, ) = E,-l,Z^^ .. .(2.45) 

Phaser Diagrams: The phasor (vector) diagrams of a loaded transformer when all the quantities 
are referred to secondary side for resistive, inductive and capacitive loads are shown in Figs. 2.36(a), 
236(b) and 2.36(c), respectively. The voltage drops in resistances (vectors) are taken parallel to the 
current vector and the voltage drops in reactances (vectors) are taken quadrature to the current vector. 



0 0 O 

(a) For unity p.f. (b) For lagging p.f. (c) For leading p.f. 

Fig. 2.36 Phasor diagram 
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(ii) Equivalent circuit when all the quantities are referred to primary. 

In this case, to draw the equivalent circuit all the quantities are to be referred to primary, as shown 
in Fig. 2.37. 



Fig. 2.37 Simplified equivalent circuit referred to primary. 

Secondary resistance referred to primary, 

Equivalent resistance referred to primary, + ^2 

Secondary reactance referred to primary, = X^IK^ 

Equivalent reactance referred to primary, X^^ = + ^2 

Total or equivalent impedance referred to primary side, 

Z =R +jX ...(2.46) 

There is some voltage drop in resistance and reactance of the transformer referred to primary 
side. Therefore, 

n ^ + + = ^ + ...(2.47) 

Phaser diagrams: The phasor diagram to transformer when all the quantities are referred to primary 
side for different types of loads are shown in Fig. 2.38. 



0 0 O 

(a) For unity p.f. (b) For lagging p.f. (c) For leading p.f. 

Fig. 2.38 Phasor diagram 



Single-Phase Transformers 


\11 


2.18 Short Circuited Secondary of Transformer 

If the secondary side of the transformer is short circuited, becomes zero which makes 

f E. vA 

= 0 because equivalent circuit of the transformer, when all the quantities 


are referred to the primary side, with short circuited secondary is shown in Fig. 2.39(a). On short 
circuit the applied voltage Vj is just utilised to circulate current in the impedance of the transformer 
referred to the primary side The phasor diagram of transformer under short circuit condition is 
shown in Fig. 2.39(b). The impedance of the transformer is quite small. Therefore, at normal voltage, 

y. 

the short circuit current f.. = , drawn by the transformer, is very high as compared to the full 

^ep 

load current. This current may damage the transformer. Power and distribution transformers are 
designed for high leakage reactance so that the short circuit current is limited between 8 times (for 
large transformer) to 30 times (for small transformers) of full load current. 



(a) Circuit diagram (b) Phasor diagram 

Fig. 2.39 Transformer on short circuit. 


However, if the transformer is short circuited on the secondary side intentionally to perform some 
test, a very low voltage (nearly 2 to 5% of its rates value) is applied at the primary terminals. Then, 

Z.n=^ -( 2 . 48 ) 


Power under short circuit condition 


and 




...(2.49) 

...(2.50) 
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2.19 Expression for No-load Secondary Voltage 

For a loaded transformer when all the quantities are referred to secondary side, its phasor diagram 
can be drawn as shown in Fig. 2.40. 



Complete the phasor diagram as shown in Fig. 2.40. From the phasor diagram we can derive the 
approximate as well as exact expressions for no-load secondary voltage. 

(i) Approximate expression; 

(a) for lagging pf. (inductive load), 

Consider right angle triangle OEC [see Fig. 2.40 (a)]. 

OC=OE = OA+AD + DE=OA+AD + BE 

or £2 = V ’2 + ^2^es ^2 h ^es ^2 •' -(^-Sl) 

(b) for unity p.f (resistive load), 

Consider rt.triangle OBC [see Fig. 2AQ{b)\ 

OC s OB = OA -H AB; £2 = ^^2 + h Ks • • (2.52) 

(c) for leading p.f. (capacitive load). 

Consider rt.triangle OEC [see Fig. 2.40(c)] 


OC = OE = OA + AD-DE=OA+AD- BE 
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or £2 = V’2 + ^2 ^es ^2 “ h ^es ^2 •' •( 2 . 53 ) 

(ii) Exact expression: 

(a) for a lagging p.f (inductive load), 

Consider rt. ^triangle OHC [see Fig. 2.40(fl)] 


or 

Primary p.f., cos 


OC= yjiOHf + (HCf = ^JiOG + GHf + {HB + BCf 
= 4iOG + ABf + (GA + BCf 

£2 = V(^2 COS 02 + 4 £,,)" + (^2 Sin 02 + • ■ ■(2.54) 

O// ^ OG + GH ^ OG + A£ ^ ^2 ^os 02+4 
OC OC OC £2 ■ 


{b) for unity pf, (resistive load) 

Consider rt. ^triangle OBC [see Fig. 2AQ{b)'\ 


or 

or 


OC= ^{OBf + (BCf 
OC= 7(0A + ABf + (BCf 
E= V(^2 + hResf + ih^sf 


Primary p.f., cos (j)^ 


OB _ OA + AB _ y2+ h Res 
OC OC £2 


(c) for leading p.f. (capacitive load). 


...(2.56) 

...(2.57) 


Consider rt.triangle OHC [see Fig. 2.40(c)] 


or 


Primary p.f., cos (j)^ 


OC= sj(OHf + (HCf 

= ^j(OG + GHf + (HB - BCf 

= focAAnfAnGA^A^ 

£ 2 = yjiV^ cos 02 + I 2 Ksf + (^^2 sin 02 - h 

HC OG + GH OG + AB V2 cos02 + 1 2^3 
OC OC OC £2 


...(2.58) 

...(2.59) 


2.20 Voltage Regulation 

When a transformer is loaded, with a constant supply voltage, the terminal voltage changes due to 
voltage drop in the internal parameters of the transformer i.e., primary and secondary resistances 
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and inductive reactances. The voltage drop at the terminals also depends upon the load and its power 
factor. The change in terminal voltage from no-load to full-load at constant supply voltage with 
respect to no-load voltage is known as voltage regulation of the transformer. 

Let, = Secondary terminal voltage at no-load. 

Vj = Secondary terminal voltage at full-load. 


Then, voltage regulation = 


In the form of percentage, % Reg = 



(per unit) 


xlOO 


...(2.60) 

...(2.61) 


When all the quantities are referred to the primary side of the transformer; 


% Reg = 




X 100 


...(2.62) 


2.21 Approximate Expression for Voltage Regulation 


The approximate expression for the no-load secondary voltage is 
(i) For inductive load: £2 = V 2 + I 2 ^2 A ^es ^2 

or £ 2-^2 = 4 ^..cos «^2 + 4 ^..sin «^2 


or 


where. 


— —^ X 100 = ^^2-^ X 100 cos (hr, + —— X 100 sin 02 

£2 E2 ^ E2 

EX 

X 100 = percentage resistance drop and 
^2 

EX 

X 100 = percentage reactance drop 
^2 

% Reg = % resistance drop x cos 02 H- % reactance drop x sin 02 


Similarly 

(ii) Eor resistive load: % Reg = % resistance drop .. .(2.64) 

(Hi) Eor capacitive load: 


% Reg = % resistance drop x cos 02 - % reactance drop x sin 02 


...(2.63) 


...(2.65) 


Condition for Zero Regulation 

From the above expression, we can derive the condition at which the regulation of a transformer 
becomes zero, it means when the load is thrown off, the terminal voltage remains the same, i.e., 

0 = % resistance drop x cos 02 - % reactance drop x sin 02 
or % reactance drop x sin 02 = % resistance drop x cos 02 
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X 100 X sin 02 = X 100 ^ cos 02 

^2 1^2 

tan 02 = ; 02 = tan“' 


Load pf cos 02 = cos tan~' 


..( 2 . 66 ) 


The above expression reveals that the regulation of a transformer will become zero only at leading 
pf of the load that too when cos 02 = cos tan~* 


Condition for Maximum Regulation 

Although, this condition is never suggested for any transformer, but let us see under what condition 
it may occur. 

Regulation will be maximum if (regulation) = 0. 

fl02 

• d _ kKs cos 02 + h^es sin 02 _ n 

d (^2 ^2 

^l^es ■ i ^2^es ^ n 

or - sm 02 + cos 02 = 0 

^2 ^2 


or 


tan 02 = or 02 = tan * 


This condition will occur at a lagging p/that too when pf, cos 02 = cos tan^* .. .(2.67) 


2.22 Kapp Regulation Diagram 

It is observed that the secondary terminal voltage of a transformer changes when the load on it 
changes. The change in terminal voltage (rise of fall) does not only depend upon the magnitude of 
load but it also depends upon pf of the load. For finding the voltage drop (or rise) which is further 
used to determine the regulation of the transformer, a graphical construction is employed called Kapp 
regulation diagram as proposed by late Dr. Kapp. 

For drawing Kapp regulation diagram, it is necessary to know the equivalent resistance and 
reactance as referred to secondary i.e., R and If I 2 is the secondary load current then, secondary 
terminal voltage on load, V 2 , is obtained by subtracting ^ 2 ^es voltage drops vectorially from 

secondary no-load, E^. 

Now, is constant, hence it can be represented by a circle of constant radius OC as shown in Fig. 
2.41. This circle is known as No-load or open-circuit emf circle. For a given load 01^ represents the 
load current and is taken as the reference vector. AB represents / 2 ^cs parallel to vector 01^, 

BC represents is drawn at right angles to AB. Vector OA obviously represents secondary 

terminal voltage 1 ^ 2 . Since is constant, the drop triangle ABC remains constant in size. It is seen 
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that end point A of lies on another circle whose centre is O'. This point O' lies at a distance of 
vertically below the point O and a distance of to its left as shown in Fig. 2.41. 

i.e., O'B' = AB and OB' = BC 


Open circuit 
emf circle 



To determine the voltage drop at full-load lagging pf cos (|), radius OLP inclined at an angle of (|) 
with OX. LM = l 2 ^es drawn horizontal. MN =is drawn perpendicular to LM. Obviously 

ON is. No-load voltage E^. Now ON = OP = E^. Similarly, OL is Fj- The voltage drop = OP -OL = LP. 

DP — m Tp 

Hence percentage regulation = — X 100 = X 100 

It is seen that for finding voltage drop, the drop triangle LMN need not be drawn, but simply the 
radius OLP is sufficient to determine regulation. 

The diagram shows clearly how the secondary terminal voltages falls as the angle of lag increases. 
Conversely, for a leading power factor, the fall in secondary terminal voltage decreases till for an 
angle of leading the fall becomes zero; hence V 2 = £^ 2 - angles greater than the secondary 
terminal voltage (i.e., OS) becomes greater than E^ and voltage regulation comes out to be negative. 

The Kapp diagram is very useful in determining the variation of regulation with power factor. 
But it is not so accurate since the lengths of the sides of the impedance triangle are very small as 
compared to the radii of the circles. To obtain desired accuracy, the diagram has to be drawn on a 
sufficiently large scale. 
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Example 2.19 

The primary winding resistance and reactance of a lOkVA, 2000/400 V, single phase transformer is 
5.5 ohm and 12 ohm, respectively, the corresponding values for secondary are 0.2 ohm and 0.45 ohm. 

Determine the value of the secondary voltage at full load, 0.8 p.f. lagging, when the primary 
supply voltage is 2000 V. 


Solution: 


Transformer rating = 10 kVA = 10 x 10^ VA 
induced voltage, Ej = 2000 V; 


Primary induced voltage, 
Secondary induced voltage. 
Primary resistance. 
Primary reactance. 
Secondary resistance. 

Load p.f.. 

Transformation ratio. 


£2 = 400 V 
Ry = 5.5 ohm; 

Zj = 12 ohm 

/?2 = 0.2 ohm; Secondary reactance, 
= 0.45 ohm 
cos ^2 = 0.8 lagging 


K=^ = = 0.2 


Primary resistance referred to secondary side, 

r[ =k% = (0.2)2 X 5.5 = 0.22 Q 
Equivalent resistance referred to secondary side. 


R =£,+ £,= 0.2 + 0.22 = 0.42 Q 

es 2 I 


Primary reactance referred to secondary side, 

Zj =K% = (0.2)2 ^12 = 0.48 n 

Equivalent reactance referred to secondary side. 


Z = Z, + Z, = 0.45 + 0.48 = 0.93 Q 

es 2 I 


Load p.f.. 


Eull load secondary current. 


cos ^2 = 0.8 

sin ^2 = sin cos'^ 0.8 = 0.6 


10 X 10" 


= 25 A 


As the primary supply voltage, Vj = £j = 2000 V 


Secondary induced voltage. 
Using the expression; 
Secondary terminal voltage. 


£2 = ££; = 0.2 X 2000 = 400 V 
^2 = ^2 + h Ks COS «^2 + 4 sin 4 

V2 = E2- 4 ^es COS <l>2 “ 4 ^iu (j>^ 

= 400 - 25 X 0.42 x 0.8 - 25 x 0.93 x 0.6 


400 - 8.4 - 13.95 = 377.65 V (Ans.) 
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Example 2.20 

A 15 kVA. 2300/230 V, single phase transformer has 2.5 ohm resistance and 10 ohm reactance 


for primary and 0.02 ohm resistance and 0.09 ohm reactance for the secondary. If the secondary 
terminal voltage is to be maintained at 230 V and 0.8 p.f lagging at full load current, what should 

be the primary voltage? 


Solution: 


Transformer output = 

15 kVA = 15 X 10^ VA 

Primary resistance, 

= 2.5 O 

Primary reactance, 

>< 

II 

o 

Secondary resistance, 

/?2 = 0.02 Q 

Secondary reluctance. 

^2 = 0.09 O 

Secondary terminal voltage. 

y2 = 230 V 

Load power factor. 

cos ^2 = 0.8 lag 

Transformation ratio. 

r- 230 

2300 

Secondary resistance referred to primary, Rf = =20. 

^ (0.1)^ 

v2 Q no 

Secondary reactance referred to primary, XJ = —r- = —^= 90 

^ (0.1)2 

Total resistance referred to primary. 

R^^ = + Rf = 2-5 + 2 = 4-5 Q 

Total reactance referred to primary. 

A = A, + A ' = 10 + 9 = 19 Q 

ep 1 I 

Load p.f., 

cos ^2 = 0.8 

sin ^2 = sin cos*^ 0.8 = 0-6 

Full load primary current. 

15x10^ 

'■= 2300 

Primary induced voltage. 

®i=-i- = -^ = 7^ = 2300V 
^ £ 0.1 

Using the expression 

Uj = £i + /j R^^ cos ^2 + f X^p sin (jt^ (approx.) 

Primary applied voltage. 

Uj = 2300 + 6-52 X 4.5 x 0.8 + 6-52 x 19 x 0-6 


= 2300 + 23-472 + 74-328 = 2397-8 V {Ans) 


Example 2.21 

The turns ratio of 212 kVA single-phase transformer is 8. The resistance and reactance of the 
primary is 0.85 ohm and 4.8 ohm, respectively and the corresponding values for the secondary 
are 0.012 ohm and 0.07 ohm, respectively. Determine the voltage to be applied to the primary to 
obtain a current of 150 A in the secondary when the secondary terminal are short circuited. Ignore 
the magnetising current. 
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Solution: 

Ratio of turns, —^ = 8 

N2 


Primary resistance. 


= 0-85; 


Secondary resistance 

R 2 

= 0-012 Q 


Primary reactance. 


= 4-8 Q; 


Secondary reactance. 

^2 

= 0-07 Q 


Transformation ratio. 

K 

_ A 2 _ 1 



Vi 8 


Secondary resistance referred to primary. 

R 2 

p2 

= ^ = 0.012 X 8 X 8 = 

= 0.768 n 

Equivalent resistance referred to primary 


= Rj + Rf = 0-85 + 0-768 = 1-618 Q 

Secondary reactance referred to primary. 

^2 

= ^ = 0.07 X 8 X 8 = 

4-48 Q 

Equivalent reactance referred to primary. 

X 

ep 

= Aj + = 4-8 + 4-48 ^ 

= 9-28 n 

Equivalent impedance referred to primary. 

z 

ep 

= + X^ = V(1.618)2 + (9.28)2 



= 9.42 n 


Short circuit current referred to primary. 

h(sc) 

= ^4(..)=|x150 = 18 

■ 15 A 

Voltage applied to the primary under short 

circuit condition. 


y 

= 1,, ,xZ = 18.75 X 9 

Ki'c) ep 

.42 



= 176-625 V (Ans.) 



Example 2.22 

A 40 kVA, 6600/250 V, 50 Hz transformer is having total reactance of 35 ohm when referred to primary 
side whereas its primary and secondary winding resistance is 10 ohm and 0.02 ohm, respectively. 
Find full load regulation of at a p.f. 0.8 lagging. 

Solution: 

Rating of transformer, = 40 kVA = 40 x 10^ VA 

Transformation ratio, K = = 0.03788 

6600 

Primary resistance, Rj = 10 

Secondary resistance, Rj = 0.02 Q 

Total resistance, referred to primary side. 
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R = R + R - R + —E = \Q + 

ep \ 2 \ -.2 


(0.03788r 


= 23.94 Q. 


Total reactance referred to primary side, 


Tj = Me, COS0 + I, R^pf + {E, Sin(^ + I, 


where, 


40 X 10" 


= 6.06 A 


COS (j) = 0.8; sin cj) = sin cos ^ 0.8 = 0.6 

Vj = V(6600 X 0.8 + 6.06 x 23.94)^ + (6600 x 0.6 + 6.06 x 35)^ 

= 6843.7 V 

% Reg = X 100 = 7 ^^^ X 100 = 3-56% {Ans.) 

Example 2.23 

A 75 kVA single phase transformer, 6600/230 V, requires 310 V across the primary to the primary to 
circulate full load current on short circuit, the power absorbed being 1-6 kW. Determine the voltage 
regulation and the secondary terminal voltage for half full load, 0-8 p.f lagging. 


Solution: 


Primary induced voltage. 
Secondary induced voltage. 

At short circuit, primary voltage. 
At short circuit, power absorbed. 
Load p.f. 


Transformer output = 75 kVA = 75 x 10^ VA 
E, = 6600 V 


£2 = 230 V 

l'i(.c) = 310V 

P, , = 1-6 kW = 1-6 X 10^ W 

(jc) 

cos ^2 = 0-8 lagging 


Primary current at full load. 


75 X 10" 


= 11.36A 


Primary current at short circuit 


h(sc) ~ h~ 11'36 A 


Equivalent resistance referred to primary, R = —= 10 X 10 _ J2.39t2 

{hsc) (ll-36f 

Equivalent impedance referred to primary, Z = = 27.29 £2 

‘‘P 11.36 


Equivalent reactance referred to primary, X 


/Z^ - £4 = V (27 • 29)" - (12 • 39)" 


= 24-32 Q 
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Transformation ratio, K = 

Equivalent resistance referred to secondary. 


230 

6600 


Secondary current at full load, 
Secondary current at half load. 


p 230x 230 x 12.39 nnis^ 

^ep- 6600x6600 - 


75 X 10 
230 


,3 


= 326 A 


I = — = 

‘ihl 9 


326 


= 163A 


Load p.f., cos ^2 = 0-8 lag 

sin (j >2 = sin cos“^ 0-8 = 0-6 
Secondary terminal voltage at half full load, 

^2 = ^2 - Ks cos ^2 - hhl Ks sin <t>2 

= 230 - 163 X 0-015 x 0-8 - 163 x 0-0295 x 0-6 
= 225-16 V {Ans) 

Voltage regulation = ~ X 100 = X 100 

Ej 230 


= 2-1 % (Ans.) 


Example 2.24 

A 20 kVA, 2500/500 V, single phase transformer has the following parameters: 

H.V. winding L.V. winding 

r. = 8 Q. r 2 = 0.3 Q. 

Xj = 17 Q. X 2 = 0.7 Q. 

Find the voltage regulation and secondary terminal voltage at full load for a power factor of 
(a) 0.8 lagging (b) 0.8 leading 

The primary voltage is held constant at 2500 V. 


Solution: 

Here, Rating of transformer = 20 kVA; = 2500 V; £2 = 500 V 

Rj = 8 Q; Aj = 17 Q; R 2 = 0.3 Q; A 2 = 0.7 Q 


Transformer resistance referred to LV (secondary) side; 


R = R, + R, X £2 = 0.3 -f 8 X 


500 \ 


= 0.62 Q. 


.2 . -"^'12500/ 

= A 2 + Ai X £2 = 0.7 + 17 X (0.2)2 ^ 2.38 Q 

j = 20 X 1000 ^ 


Secondary full-load current. 


500 
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For p.f. 0.8 lagging, cos cj) = 0.8; sin cj) = sin cos ^ 0.8 = 0.6 

^2 = ^2- h Res COS ^ - 4 sin ^ 

= 500 - 40 X 0.62 X 0.8 - 40 x 2.38 x 0.6 = 447.04 V (Ans.) 

% Reg = X 100 = X 100 = 10.59% {Ans) 

■t^'2 500 

For p.f. 0.8 leading, cos cj) = 0.8; sin cj) = sin cos ' 0.8 = 0.6 

Vj = ^2 “ 4 cos ^ + 4 ^es sin ^ 

= 500 - 40 X 0.62 X 0.8 + 40 x 2.38 x 0.6 
= 513.28 V (Ans.) 

% Reg = ~ X 100 = Inn X 100 = -2.6% (Ans.) 

i^'2^ 500 

Example 2.25 

A 10 kVA, 500/100 V transformer has the following circuit parameters referred to primary: 
Equivalent resistance, R = 0-3 ohm; Equivalent reactance, X =5-2 ohm. When supplying power 
to a lagging load, the current, power and voltage measured on primary side were 20 A, 8 kW and 
500 V, respectively. Calculate the voltage on the secondary terminals under these conditions. Draw 
the relevant phasor diagram. 


Solution: 

Rating of transformer = 10 kVA = 10 x 10^ VA 
Power factor on primary side. 


sin = sin cos^^ 0-8 = 0-6 

Primary induced emf, = Vj - f R^^ cos sin 

= sin 500 - 20 X 0-3 x 0-8 - 20 x 5-2 x 0-6 = 432-8 V 


Transformation ratio, K = = 0-2 

Secondary induced emf, E.^ = K = 432-8 x 0-2 = 86-56 V 
Secondary terminal voltage on load, 

^2 = ^ 2 “ 86-56 V (since all the parameters are referred to primary side) 
The equivalent circuit and phasor diagram is shown in Fig. 2.42(b). 
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Fig. 2.42 Transformer on load. 


Example 2.26 

A single phase transformer with a ratio 5:1 has primary resistance of 0-4 ohm and reactance of T2 
ohm and the secondary resistance of 0-01 and reactance of 0-04 ohm. Determine the percentage 
regulation when delivering 125 A at 600 V at (/) 0-8 p.f lagging (ii) 0-8 p.f leading. 

Solution: 

Data given, = 0-4 = 1-2 Q; = 0 01 Q; 

^2 = 0-04 Q; 4 = 125 A and V 2 = 600 V 
Transformation ratio, K = 1/5 = 0-2 
Now, R’ = R^= (0-2)2 X 0-4 = 0-016 Q; 

R =/?, + /?,' = 0-01 + 0-016 = 0-026 Q 

es 2 I 

Zj' =K^X^ = (0-2)2 X 1.2 = 0-048 n 
X = Z, + Z,' = 0-04 + 0-048 = 0-088 Q 
(0 For p.f. cos 4 = 0-8 lag; sin 4 = sin cos^' 0-8 = 0-6 
Secondary induced voltage, 

^2 = ^2 + 4 Ks COS (l >2 + 4 sin 4 

= 600 + 125 X 0-026 x 0-8 + 125 x 0-088 x 0-6 
= 600 + 2-6 + 6-6 = 609-2 V 

% Reg = ^2 ~ ^2 X 100 = x 100 = 1-51 % {Ans.) 

£>2 0 O 9.2 
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(h) For p.f., cos ^2 = 0-8 leading; sin (j)^ = 0-6 
Secondary induced voltage, 

£2 = V 2 + h Res COS - 4 sin 4 

= 600 + 125 X 0-06 X 0-8 - 125 x 0 088 x 0-6 
= 600 + 2-6 - 6-6 = 596 V 

% Reg = ~ x 100 = X 100 = - 0-67 % {Ans) 

£2 596 

Example 2.27 

If the ohmic loss of a transformer is 1% of the output and its reactance drop is 5% of the voltage, 
determine its regulation when the power factor is (i) 0-8 lagging (ii) 0-8 leading (Hi) unity. 

Solution: 

Ohmic loss or resistance drop = 1%; Reactance drop = 5% 

(0 When p.f., cos lagging; sin ^2 = sin cos^' 0-8 = 0-6 

% Reg = % resistance drop x cos ^2 + % reactance drop x sin 
= 1 X 0-8 + 5 X 0-6 = 3-8% (Ans) 

(ii) When p.f., cos leading; sin ^2 = sin cos^' 0-8 = 0-6 

% Reg = % resistance drop x cos ^2 - % reactance drop x sin 
= 1 X 0-8 - 5 X 0-6 = - 2-2 % (Ans.) 

(Hi) When p.f. is unity % Reg = % resistance drop = 1% (Ans.) 

Section Practice Problems 


Numerical Problems 

1. A single phase transformer with a ratio 1: 2 has primary and secondary winding resistance of 0.25 ohm 
and 0.8 ohm, respectivelyand their reactances are 0.5 ohm and 2.8 ohm. Determine the no-load secondary 
terminal voltage of the transformer if it is delivering 10 A and 400 V at 0.8 p.f. lagging. (Ans. 437.64 V) 

2. A 10 kVA, 2000/400 volt single-phase transformer has the following resistances and reactances. 
Primary winding: resistance 5.0 ohm, leakage reactance 12 ohm. 

Secondary winding: resistance 0.2 ohm, leakage reactance 0.48 ohm. Determine the secondary terminal 
voltage at full load, 0.8 power factor lagging when the primary supply is 2000 V. (Ans. 377.1 V) 

3. A 230/440 V, single-phase transformer has primary and secondary winding resistance of 0.25 ohm and 0.8 
ohm, respectively and corresponding reactance of 0.6 ohm and 2.8 ohm. Find the approximate secondary 
terminal voltage when supplying (/) 10 A at 0.707 p.f. lagging (ii) 10A at 0.707 p.f. leading. 

(Ans. 397.5 V; 437 V) 
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4. The turn ratio of a 100 kVA transformer is 5. its primary has a resistance and reactance of 0.3 ohm and 
1.1 ohm, respectiveiy and the corresponding vaiues for the secondary are 0.01 ohm and 0.035 ohm. The 
suppiy voitage is 2200 V. Caicuiate 

(/) totai impedance of the transformer referred to primary circuit and 

(//') the voitage reguiation and the secondary terminai voitage for fuii ioad having power factors (/) 0.8 
iagging and (/7) 0.8 ieading. (Ans. 2.05Q.; 3.364%; 425.2 V; -1.54%; 446.78 V) 

5. A 17.5 kVA 66/11 kV transformer has 10% resistance and 3% ieakage reactance drop. Find resistance 
and reactance of the transformer in ohms as referred to 

(/) the high voitage winding. 

(//) the iow voitage winding. (Ans. 2.52a; 7.56 fi: 0.068Cl; 0.209Cl) 


Shor t Answ e r T ype Questions 

Q.1. What is voltage regulation of a transformer? 

Ans. At constant supply voltage, the change in secondary terminal voltage from no-load to full-load is called 
voltage regulation. It is expressed as percentage (or per unit) of no-load voltage. 

% regulation = x 100 

Q.2. Why does voltage drop in a transformer? 

Ans. In a transformer, voltage drop occurs due to 

(/') Resistance of primary and secondary winding 
(//) Reactance of primary and secondary winding. 

Q.3. Is the regulation at rated load of a transformer same at 0.8 p.f. lagging and 0.8 p.f. leading? 

Ans. No, regulation at 0.8 p.f. lagging will be different to the regulation at 0.8 p.f. leading. 



Q.5. Is the percentage impedance of a transformer same on primary and on secondary? 

Ans. Yes, the total percentage impedance of a transformer referred to primary or secondary is the same. 

However, the percentage impedance of primary winding may be different to percentage impedance of 
secondary winding. 
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2.23 Losses in a Transformer 

The losses which occur in an actual transformer are: 

(i) Core or iron losses (ii) Copper losses 

(t) Core or iron losses: When AC supply is given to the primary winding of a transformer an 
alternating flux is set up in the core, therefore, hysteresis and eddy current losses occur in the 
magnetic core. 

(a) Hysteresis loss: When the magnetic material is subjected to reversal of magnetic flux, it 

causes a continuous reversal of molecular magnets. This effect consumes some electric 
power which is further dissipated in the form of heat as loss. This loss is known as hysteresis 
loss. VfB^-^). This loss can be minimised by using silicon steel material for the 

construction of core. 

(b) Eddy current loss: Since flux in the core of a transformer is alternating, it links with the 

magnetic material of the core itself also. This induces an emf in the core and circulates 
eddy currents. Power is required to maintain these eddy currents. This power is dissipated 
in the form of heat and is known as eddy current loss {P^ = V f' fi B^. This loss can be 

minimised by making the core of thin laminations. 

It is already seen in article-8 that the flux set up in the core of the transformer remains constant 
from no-load to full load. Hence, iron loss is independent of the load and is known as constant 
losses. 

(ii) Copper losses: Copper losses occur in both the primary and secondary windings due to their 
ohmic resistance. If /j, I 2 are the primary and secondary currents and R 2 are the primary 
and secondary resistances, respectively. 

Then, total copper losses = + I 2 R 2 = Ii^ep - ^i^es 

The currents in the primary and secondary winding vary according to the load, therefore, these 
losses vary according to the load and are known as variable loss. 

Magnetostriction and its iii-effects 

The property of ferromagnetic materials, due to which their dimensions are changed due to change 
of magnetic field, is called magnetostriction effect. In fact, the applied magnetic field changes the 
magnetostrictive strain until reaching its saturation value (T). This causes change in the dimensions 
of ferromagnetic materials. The effect was first identified in 1842 by James Joule while observing 
a sample of iron. 

In simple terms, as per this phenomenon, if a piece of magnetic sheet steel is magnetised it 
will extend itself. When the magnetisation is taken away, it goes back to its original condition. A 
transformer is magnetically excited by an alternating voltage and current so that it becomes extended 
and contracted twice during a full cycle of magnetisation. 

Hence, when the core becomes magnetised, it expands then it contracts and expands again as 
the field is reversed. A 50 Hz transformer, therefore, expands and contracts at 100 Hz, producing a 
buzzing sound at that frequency. 



Single-Phase Transformers 


143 


Transformer buzzing noise (or hum) is caused by a phenomenon called magnetostriction. 
Although, these extensions are only small dimensionally, and therefore cannot usually be seen by 
the naked eye. They are, however, sufficient to cause vibration resulting in a noise. 

This effect also causes losses which produce heat in ferromagnetic cores. 

Thus, the first cause of humming noise is magnetostriction, the other cause may be due to details 
of core construction, size and gauge of laminations or joints in the core 
The other reasons for humming sound in a transformer may be 
Loosening of laminations, mounting defects, unbalancing or insulation deterioration etc. 

Methods to control transformer noise: The transformer noise can be controlled by 

• using low value of flux density core, 

• by proper tightening of the core by clamps, bolts etc. 

• by sound insulating the transformer core from tank walls. 


2.24 Effects of Voltage and Frequency Variations on Iron Losses 

Power transformers are not ordinarily subjected to frequency variations and usually are subject to 
only modest voltage variations, but it will be interesting to note their effects. 

Variation in voltage and/or frequency affects the iron losses (hysteresis and eddy current loss) 
in a transformer. As long as the flux variations are sinusoidal, hysteresis loss (Pf), and eddy current 
loss (Pf) vary according to the following relations 

-( 2 - 68 ) 

The value 2.6 is an arbitrary value which lies between 1.5 and 2.5 depending on the grade of iron 
used in transformer core 

and ■-(2-69) 

If the transformer is operated with the frequency and voltage changing in the same proportion, 
the flux density will remain unchanged as obvious from equation (E = 4.44 A. Nf or 
E V 

= -nr.—nrr or B oc —) and apparently the no-load current will also remain unaffected. 

4.44 A^Nf “ / 

The transformer can be operated safely at frequency less than rated one with correspondingly 
reduced voltage. In this case iron losses will be reduced. But if the transformer is operated with 
increased voltage and frequency in the same proportion, the core losses may increase to a large 
extent which may not be tolerated. Increase in frequency with constant supply voltage will cause 
reduction in hysteresis loss and leave the eddy current losses unaffected. However, some increase 
in voltage could, therefore, be tolerated at higher frequencies, but exactly how much depends on 
the relative magnitude of the hysteresis and eddy current losses and the grade of iron used in the 
transformer core. 

Example 2.28 

A 1 kVA, 220/110 V, 400 Hz transformer is desired to be used at a frequency of 60 Hz. What will be 
the kVA rating of the transformer at reduced frequency? 
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Solution: 

We know that E^ = V^ = 4.44 cj)^ N^= 4.44 A. N^f 

Assuming flux density in the core remaining unchanged, we have 




or 


or 


Y1 = L 
/ 

y'l = Vi X £ = 220 X ^ = 33 volt 


As current rating of the transformer remains the same, the kVA rating is proportional to voltage. 


kVA rating of the transformer at 60 Hz, 


kVA = ^ X feVA = ^ X 1 = 0.15 kVA {Ans) 


Example 2.29 

A 40 Hz transformer is to be used on a 50 Hz system. Assuming Steinmetz’s coeff. as 2.6 and the 
losses at 40 Hz, 2.2%, 0.7% and 0.5% for copper, hysteresis and eddy currents, respectively, find 
(i) the losses on 50 Hz for the same supply voltage and current, (ii) the output at 50 Hz for the same 
total losses as on 40 Hz. 

Solution: 

Let W be the total power input to the transformer in both the cases in watt. 

Copper loss = f- x total resistance 

As long as current and supply voltage remain the same, copper loss will remain the same. 
Copper loss at 40 Hz or 50 Hz 

= j^xW = 0.012 W watt 

Hysteresis loss = 77 5^^^' ®/watt/c.c. of the magnetic material. 

For the same voltage induced per turn (E/N = 4.44/^) the product (pfoi 5^^^/remains constant. 

^maxl 1 ^max2 fz 

^max, _ /2 _ 50 _ . 25 

5max2 “ /l “40“ ■ 

^max2 ~ 0-^ ^max[ 

Hysteresis loss at 50 Hz 

= K, = t7Cx2 f 2 watt/c.c. = K, (0.8 1.25 f 

= K, (0.8)'-® f X 1.25 = 1.25(0.8)'-® x K, = 0.875 x K, 
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But hysteresis loss at 40 Hz is 0.7% 




0.875 X 0.7 = 0.6125% 


Eddy current loss, W = watt per c.c. of the magnetic material. 


W 

IK. 


= ^2 


maxj J 




% 


d2 .r2 

^maxi^l 

d 2 j :2 

^max2 •'2 


D 

^maxj 

D 

\^^inax2 y 


A 

A y 


=4 X 4 =1 




14, 


Hence eddy current loss will remain the same. 
Thus, the three losses at 50 Hz will be 
Copper loss = 1.2% 

Hysteresis loss = 0.6125% (Ans.) 
Eddy current loss = 0.5% 
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2.25 Efficiency of a Transformer 


The efficiency of a transformer is defined as the ratio of output to the input power, the two being 
measured in same units (either in watts or in kW). 

„ r- nr- ■ output powcr output power 

Transformer efficiency, n = —-— -=- - — -;- 

input power output power + losses 


or 


output power 

output power + iron losses + coper losses 

A ^2 cos 02 
A 72 cos 02 + 7 ; + Bn 


...(2.70) 


where, Vj = Secondary terminal voltage 
= Full load secondary current 
cos 02 = pf. of the load 

B. = Iron losses = Hysteresis losses + eddy current losses (constant losses) 

= Full load copper losses = (variable losses) 


If X is the fraction of the full load, the efficiency of the transformer at this fraction is given by the 
relation; 


X X output at full load 

2 

X X output at full load + P^ x P^ 


XV 2 I 2 cos 02 


X 4272 cos 02 + T;. + 1 2 Rg, 


...(2.71) 


The copper losses vary as the square of the fraction of the load. 
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2.26 Condition for Maximum Efficiency 

The efficiency of a transformer at a given load and p.f is expressed by the relation 

Vih cos 02 _ V 2 cos 02 


^ ^2 4 COS02 +/| 


^2 cos 02 + f;. / 4 + 4 


The terminal voltage V ’2 is approximately constant. Thus for a given p.f., efficiency depends upon 
the load current 4 - In expression (i), the numerator is constant and the efficiency will be maximum 
if denominator is minimum. Thus the maximum condition is obtained by differentiating the quantity 
in the denominator w.r.t. the variables 4 and equating that to zero i.e., 

^ [v2 cos ^2 +Y^+hRe^^ =0 


+ =0 


Re. = Pi 


...(2.72) 


i.e., Copper losses = Iron losses 

Thus, the efficiency of a transformer will be maximum when copper (or variable) losses are equal 
to iron (or constant) losses. 


V 2 1 2 cos 02 
V 2 I 2 COS 02 +24 


[since = 4 ] ■ ■ -(2.73) 


From equation (ii), the value of output current 4 at which the efficiency of the transformer will 
be maximum is given by; 


If X is the fraction of full load kVA at which the efficiency of the transformer is maximum. 
Then, copper losses = 4 (where P^ is the full load Cu losses) 

Iron losses = P. 


For maximum efficiency, x^ P^ = P.; x = 

Output kVA corresponding to maximum efficiency 


= X X full load kVA = full load kVA x , -f 

\P„ 


full load kVA x 


I iron losses 

I copper losses at full load 


...(2.75) 
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Example 2.30 

A 500 kVA, 600/400V, one-phase transformer has primary and secondary winding resistance of 
0.42 ohm and 0.0011 ohm, respectively. The primary and secondary voltages are 600 Vand 400 V, 
respectively. The iron loss is 2-9 kW. Calculate the efficiency at half full load at a power factor of 
0-8 lagging. 


Solution: 


Transformer rating, = 500 kVA 
Primary resistance, = 0-42 Q 
Secondary resistance, /?2 = 0-0011 Q 
Primary voltage, = 6600 V 
Secondary voltage, = 400 V 
Iron losses, P. = 2-9 kW 

Fraction of the load, x = 4 = 0-5 
2 

Load p.f., cos cj) = 0-8 lagging 


Ej 400 

Transformation ratio, K = 


6600 33 


Primary resistance referred to secondary. 


^ X ^ X 0-42 = 0.00154f2 


Total resistance referred to secondary. 


R =R, + R/ = 0-0011 + 0-00154 = 0-00264 Q 

es 2 I 


Full load secondary current, L 


kVA X10^ 500 X10^ 


1250A 


Copper losses at full load, P^ = 1^ R^^ = (1250)^ x 0-00264 

= 4125 W = 4-125 kW 

Efficiency of transformer at any fraction (x) of the load. 


p = - xkVAcos^ 

^ xkVA cos (j) -\- Pi x^P^ 

0-5 x500x0-8 

~ 0 -5x500x0 -8 + 2 -9 + (0 -5)^x4 - 125 ' 


= 98-07% (Ans.) 
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Example 2.31 

A single-phase 440/110 V transformer has primary and secondary winding resistance of 0-3 ohm 
and 0-02 ohm, respectively. If iron loss on normal input voltage is 150 W, calculate the secondary 
current at which maximum efficiency will occur. What is the value of this maximum efficiency for 
unity power factor load? 


Solution: 


Primary resistance, = 0-3 Q. 

Secondary resistance, /?2 = 0-02 Q 
Iron losses, P. = 150 W 
Load power factor, cos (j> = I 
Primary induced voltage, Ej = 440 V 
Secondary induced voltage, £^2 ~ HO V 

Transformation ratio, K = = 4 


£1 440 


Primary resistance referred to secondary. 


R' = K^R, = 4x4x0 •3 = 0- 01875 Q. 
1 1 4 4 


Equivalent resistance referred to secondary. 


R =£, + £,'= 0-02 + 0-01875 = 0-03875 Q 

es 2 I 


We know the condition for max, efficiency is 

Copper losses = Iron losses 
i.e., 4 

Secondary current at which the efficiency is maximum. 


10.03875 


= 62-22 A (Ans.) 


The maximum efficiency. 


4 ^2 cos ^100 

I 2 V 2 cos (j) -\- 2 Pj 

62.22x110x1 
62.22 x 110x 1 + 2 x 150 


X 100 = 95-8% (Ans.) 


Example 2.32 

In a 25 kVA, 2000/200 V power transformer the iron and full load copper losses are 350 W and 
400 W, respectively. Calculate the efficiency at unity power factor at (i)full load and (ii) half load. 


X kVA X 1000 X COS0 
X kVA X 1000 X coscj) + 7} + P^ 


Solution: 
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where, 


cos ^=\: P.= 350 W; P = 400 W 


(0 At full-load X = \ 


1 X 25 X 1000 X 1 


1 X 25 X 1000 X 1 -(- 350 -t- 1 X 1 X 400 


X 100 = 97-087 % {Ans) 


iii) At half-load; x = 0-5 


0-5 X 25 X 1000 X 1 


X 100 = 96-525 % {Ans) 


0-5 X 25 X 1000 X 1 + 350 -I- (0-5)^ x 400 

Example 2.33 

A 220/400 V, 10 kVA, 50Hz, single-phase transformer has copper loss of 120 W at full load. If it has 
an efficiency of 98% at full load, unity power factor, determine the iron losses. What would be the 
efficiency of the transformer at half full-load at 0.8 p.f. lagging. 


Solution: 


X kVA X1000 X COS0 

T] = - - - 

^ X kVA X 100 X costj) + + x^P^ 


_ 1 X 10 X 1000 X 1 _ 

1 X 10 X 1000 X 1 -I- P -I- 1 X 1 X 120 


X 100 or P. = 84-08 W (Ans) 


when X = 1/2 and cos cj) = 0-8; 


_ 0-5 X 10 X 1000 X 0-8 _ 

0-5 X 10 X 1000 X 0-8 + 84-08 -i- (0-5)^ x 120 


X 100 = 97-23 % (Ans) 


Example 2.34 

A1000 kVA, 110/220 volt, 50 Hz single phase transformer has an efficiency of 98.5% at half load and 
0.8 power factor leading. Whereas its efficiency at full load unity power factor is 98.9%. Determine 
(i) iron loss (ii) Full load copper loss. 

Solution: 

Here, Rating of transformer = 1000 kVA 

X kVAx moo X p.f. 


We know, 


% t]^ = -——^ 

xkVA X 1000 X p.f. -t-Pi+ x^P^ 


(0 Where % 98.5; x = 0.5; p.f = 0.8 leading 


0.5 X 1000 X 1000 X 0.8 
0.5 X 1000 X 1000 X 0.8 + P + (0.5)^P^ 


98.5 = 


400 X10" 


4x10" + P 4-0.25 P., 


or P,. 4- 0.25 P^ = 6100 
(ii) When % 7]^!= 98.8; x = 1; p.f. = 1 


1 X 1000 X 1000 X 1 X 100 
1 X 1000 X 1000 X 1 4- 4- P^ 
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or 10 X 10^ + P. + P^= ^ 9 g^g^ = 10121 X 10^ 

or P. + P^ =12100 ...(») 

Subtracting eq. (/) from (ii), we get 
0.75 P^ = 6000 

or P^ = 8000 W (Ans.) 

From eq. (ii), we get, P. = 12100 - 8000 = 4100 W (Ans.) 


Example 2.35 

A single-phase 400 kVA transformer has an efficiency of 99.13% at half load unity pf whereas it 
efficiency is 98.77% at full-load 0.8 pf lagging, (i) the iron loss (ii) the full load copper loss. 


Solution: 

Efficiency of a transformer at any fraction x of the load; 

X kVA cos (j) 


77 = - 

^ X kVA costj) + 75 + x^P^ 
Case I: X = 1; cos cj) = 0-8; 77 ^ = 98-77 %; 

1 X 400 X 0-8 


xlOO 


98-77 


1 X 400 X 0-8 + P + (1)^ P. 


XlOO 


or 


P. + P = 3-985 kW 

I C 


Case II: x = 0-5; cos (j)=l\ 77 = 99-13; 


0-5 X 400 X 1 


99-13 = — 

0-5 X 400 X 1 X F;. + (0-5)^ 

or P. + 0-25 P^ = 1-755 kW 

Subtracting eq. (ii) from ( 7 ), we get, 

0-75 P^ = 2-23 kW or P^ = 2-973 kW (At?^) 
and P. = 3-985 - 2-973 = 1-012 kW (Ans) 


X 100 


■ - -(0 


...(ii) 


Example 2.36 

In a 25 kVA. 1100/400 V, single phase transformer, the iron and copper losses at full load are 350 
and 400 watts, respectively. Calculate the efficiency on unity power at half load. Determine the 
load at which maximum efficiency occurs. 

Solution: 

Transformer rating = 25 kVA 
Iron losses, P. = 350 W 
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Full load copper losses, = 400 W 
Load power factor cos ^ = 1 

Fraction of the load x = 4 = 0-5 
2 


Efficiency of transformer at any fraction of the load, 

xXkVAxlO^ Xcosd) 

% = -i—xlOO 

xxkVAxW XCOS0 -f ft + P^ 

^ _ 0.5 X 25 X 10^ X 1 _ 

0.5 X 25 X 10^ X 1 + 350 + (0.5)^ x 400 

Output kVA corresponding to maximum efficiency 


X 100 = 96-52% {Ans.) 


= Rated kVA 



25x, 


: 23-385 kVA 


Output power or load on maximum efficiency. 

= output kVA for max efficiency x pf. 
= 23-385 X 1 = 23-385 kW {Ans) 


Example 2.37 

A 50 kVA transformer on full load has a copper loss of600 watt and iron loss of500 watt, calculate 
the maximum efficiency and the load at which it occurs. 


Solution: 


% 77 = 


output 


X 100 


output + Iron loss + Copper loss 
Efficiency will be maximum when: copper loss = Iron loss = 500 W 

Eraction at which the efficiency is maximum, x = = 0-9128 

Load at which the efficiency is maximum, i.e.. 

Output = X X kVA = 0-9128 x 50 = 45-64 kVA 

= 45-64 X 1 = 45-64 kW (since cos ^ = 1) 

45-64 X 1000 


'7m = 


45-64 X 1000 + 500 + 500 


X 100 = 97-85% (Ans) 


Example 2.38 

The iron and full-load copper losses of a 100 kVA single-phase transformer are 1 kW and 1.5 kW, 
respectively. Calculate the kVA loading at which the efficiency is maximum and its efficiency at this 
loading: (i) at unit p.f. (ii) at 8 p.f. lagging. 
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Solution: 

Here, Rated capacity = 100 kVA; Iron loss, = 1 kW; 

Full-load copper loss, P^ = 1.5 kW 
Output kVA corresponding to maximum efficiency 


(i) At unity p.f. 

77 

(ii) At 0.8 p.f. lagging 

77 

2.27 Efficiency vs Load 

The variation of efficiency with load is shown in Fig. 2.43 which likewise shows the constant and 
variable components of the total loss. It has been pointed out that with constant voltage the mutual 
flux of the transformer is practically constant from no-load to full load (maximum variation is from 
1 to 3%). The core or iron loss is, therefore, considered constant regardless of load. Copper loss varies 
as the square of the load current or kVA output. The variations in copper loss with the increase in 
load current (or kVA) is shown in Fig. 2.43. The efficiency vs load curve as deduced from these is 
also shown in the Fig. 2.43. From the efficiency-load curve shown in Fig. 2.43 it is obvious that the 
efficiency is very high even at light load, as low as 10% of rated load. The efficiency is practically 
constant from about 20% rated load to about 20% overload. At light loads the efficiency is poor because 
of constant iron loss, whereas at high loads the efficiency falls off due to increase in copper loss as 
the square of load. From Fig. 2.43 it is also obvious that the transformer efficiency is maximum at 
the point of intersection of copper loss and iron loss curves i.e., when copper loss equals iron loss. 

Imp. The intersection of copper loss curve and iron loss curve ‘A’ gives the point of maximum 
efficiency. It will be seen that the efficiency changes very little over the greater part of the operating 
range. 

2.28 Efficiency vs Power Factor 

Transformer efficiency is given as 

^ Output ^ ^ _ losses 

^ Output + losses output + losses 

^ ^_ losses ^ j _ losses/ 14/2 

14/2 costj) + losses cos 0 + losses / I 4/2 


: X X rated kVA = x rated kVA = , x 100 = 81.65 kVA (Ans.) 
V /^ V 1 • 5 


7 X 100 = 100 = 97-6% (Ans.) 

81 • 65 X 1 -(-1 -t 1 83 -65 


81.65 xO.r. 1.1 ^ = If X = 97.03% (Att.) 
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Fig. 2.43 Efficiency vs ioad curve of a transformer 


Substituting 


losses 

^ih 


= X in above equation we get 


77 = 1 - 


X 

cos 0 + X 


X / cos <p 
1 + X / cos 0 


The variations of efficiency with power factor at different loads for a typical transformer are 
illustrated in Fig. 2.44 



0 25 50 75 100 125 


Percent load kW 

Fig. 2.44 Frequency vs load curve of a transformer 


Losses in percentage 
of full load input 
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2.29 All-day Efficiency 

The efficiency discussed so far is the ordinary or commercial efficiency which is given by the ratio 
of output power to input power i.e., 

„ . , rr- ■ output power 

Commercial efficiency, rt = -—-— - - 

input power 

The load on certain transformers fluctuates throughout the day. The distribution transformers 
are energised for 24 hours, but they deliver very light loads for major portion of the day. Thus iron 
losses occur for whole day but copper losses occur only when the transformer is loaded. Hence, the 
performance of such transformers cannot be judged by the commercial efficiency, but it can be judged 
by all-day efficiency also known as operational efficiency or energy efficiency which is computed 
on the basis of energy consumed during a period of 24 hours. 

The all-day efficiency is defined as the ratio of output in kWh (or Wh) to the input in kWh (or 
Wh) of a transformer over 24 hours. 

All-day efficiency = ■ ■ ■(2.16) (for 24 hours) 

To find this all-day efficiency, we have to know the load cycle on the transformer. 

Example 2.39 

A 20 kVA transformer on domestic load, which can be taken as of unity power factor, has a full load 
efficiency of 94.3%, the copper loss then being twice the iron loss. Calculate its all-day efficiency 
on the following daily cycle; no-load for 10 hours, half load for 8 hours and full load for 6 hours. 


Solution: 

Full load output= 20 x 1 = 20 kW 

Full load input = ^ x 100 = 20-986 kW 

77 95-3 

Total losses, + Pc~ 20.986 - 20 = 0-986 kW 
Now P = 2 P. (given) P. -\-2P. = 0-986 kW 
Or Iron losses, P^ = 0-3287 kW 

Full load copper losses = 2 x 0-3287 = 0-6574 kW 

kWh output in 24 hours = ^ x20x8h-1 x20x 6 = 200 kWh 
Iron losses for 24 hours = 0-3287 x 24 = 7-89 kWh 
Copper losses for 24 hours = cu. losses for 8 hrs at ^ full load H- cu. losses for 6 hours at full load 


X 0-6574 X 8 H- 0-6574 x 6 = 5-259 kWh 


1 

2 


2 
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input in 24 hrs = kWh output in 24 hrs + iron and cu losses in kWh for 24 hrs 
= 200 + 7-89 + 5-259 = 213-149 kWh 


All-day efficiency, 


kWh output In 24 hrs 
kWh input in 24 hrs 


xlOO = 


200 

213.149 


X 100 = 93.83% {Ans) 


Example 2.40 

A 5 kVA single phase transformer has full-load copper loss of 100 watt and 60 watt as iron loss. 
The daily variation of load on the transformer is as follows: 


7 AM to 1 PM 
1 PM to 6 PM 
6 PM to 1 AM 
1AM to 7 AM 


3 kW at power factor 0.6 lagging. 
2 kW at power factor 0.8 lagging. 
5 kW at power factor 0.9 lagging. 
No-load 


Determine the all-day efficiency. 


Solution: 

Transformer rating = 5 kVA; T*. = 50 W; P^ = 100 W 
Load variation in tabulated form is given below: 


Timings 

Duration in hr 

Load in kW 

p.f 

Load in kVA = 
kW 
pf 

Fraction of Load 
Actuai kVA 
rated kVA 

7 AM to 1PM 

6 

3 

0.6 

3/0.6 = 5 

5/5 = 1 

1 PM to 6 PM 

5 

2 

0.8 

2/0.8 = 2.5 

2.5/5 = 0.5 

6 PM to 1 AM 

7 

5 

0.9 

5/0.9 = 5.55 

5.55/5 = 1.11 

1 AM to 7 AM 

^ J 

L “ J 

L 

0 

0 


kWh output in24hr = 3x6H-2x5H-5x7H-0x6 = 63 kWh 
Iron losses in 24 hr = P. in kW x 24 = X 24 = 1.2 kWh 
Copper losses in 24 hr = (1)^ x X 6 + (O.S)^ x X 5 + (1.11)^ x X 7 

= 0.6 -H 0.125 H- 0.8625 -h 0 = 2.5875 kWh 

Output in kWh in 24 hr 

Output in kWh in 24 hr -¥ Pi in kWh in 24 hr + P^ in kWh is 24 hr 
63 

63 -1- 1.2 -1- 1.5875 


All-day efficiency, 


X 100 = 95.763% {Ans) 
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Example 2.41 

A transformer has a maximum efficiency of 98% at 15 kVA at unity p.f It is loaded as follows: 12 
hrs -2 kW at p.f. 0.5; 6 hrs - 12 kW at p.f. 0.8; 6 hrs - 18 kW at p.f. 0.9, calculate all-day efficiency 
of the transformer. 


Solution: 



We know 

Omax - 

kVA cos 0 

kVA cos (f) + 2 

or 

98 

15 X 1 

100 

15 X 1 -f 2Pi 

or 

15 -H 2 F; = 

15 X 100 ^ jg 

9o 

Iron losses, 

Pi = 

0-153 kW 

Full load copper losses, = 

P. = 0-153 kW 


During 24 hrs. the transformer is loaded as under: 


(■■■P.=Pc) 


Hrs. 

Load in kW 

P.f. 

Load in kVA 
kW 
p.f. 

Fraction of load 
given load in kVA 
^ ~ full load in kVA 

12 

2 

0.5 

2/0.5 = 4 

4/15 = 0.267 

6 

12 

0.8 

0.8 = 15 

15/15 = 1 

6 

_ 1 

18 

_ 1 

0.9 

_ 1 

18/0.9 

_ 

20/15 = 1.333 


kWh output in 24 hrs 
Iron losses for 24 hrs 
Copper losses for 24 hrs 

Input in 24 hrs 
All-day efficiency, 


2 X 12 -H 12 X 6 -H 18 X 6 =204 kWh 
0-153 X 24 = 3-672 kWh 

(0-267)2 X 0-153 X 12 H- (1)2 x 0-153 x 6 h- (1-333)2 x 0-153 x 6 
2-68 kWh 

204 H- 3.672 -H 2.68 = 210.352 kWh 
X 100 = 96-98 % {Ans) 


Section Practice Problems 


Numerical Problems 

1. A 500 kVA, 6600/400V transformer has primary and secondary winding resistance of 0-42 ohm and 0 0011 

ohm, respectiveiy. The iron ioss is 2-9 kW. Caicuiate the efficiency at haif fuii ioad at a power factor of 0-8 
iagging. (Ans. 98 07%) 

2. The fuii ioad efficiency at 0.8 p.f of a 50 kVA transformer is 97.9% and at haif-ioad 0.8 p.f. its efficiency 

is 97.9%. Determine iron and copper iosses of the transformer. (Ans. 287 W; 529 W) 
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3. In a 25 kVA, 1100/400 V, single phase transformer, the iron and copper loss at full load are 350 and 

400 watt, respectively. Calculate the efficiency on unity power factor at halt load. Determine the load on 
maximum etticiency. (Ans. 96-52%; 23-85 kW) 

4. A 100 kVA transtormer supplies a lighting and power load. The iron loss is 960 W and the copper loss 

is 960 W at tull load. The transtormer is operated continuously at the rated voltage as per the tollowing 
schedule in a day 100 kVA at 0.8 p.t. for 4 hrs.; 50 kVA at 0.6 p.t. for 8 hrs. and 5 kVA at 0.95 p.f. tor 12 
hrs. What will be the all-day etticiency of the transtormer? (Ans. 94-5%) 

Short Answer Type Questions 

Q.1. What are no-load losses occurring in the transformer? 

Ans. Iron losses which are also known as magnetic losses or core losses. These losses include hysteresis 
loss and eddy current loss. 

Q.2. Why is efficiency of a fransformer high as compared fo ofher elecfrical machines? 

Ans. Transformer is a static device i.e., it has no rotating part, therefore, it is free of mechanical losses. 
Hence, it operates at higher efficiency in comparison to other electrical machines. 

Q.3. Define efficiency and all-day efficiency of a transformer. 

Ans. The ratio of power output (in kW) to power input (in kW) is called efficiency or commercial efficiency 
of a transformer, i.e., 

^ Output in kW 
^ ” input in kW 

The ratio of output energy (in kWh) to the input energy (in kWh) in a day of a transformer is called its 
all-day efficiency. 

_ Output in kWh in a day 
9aii-day “ j^put kWh in a day 

Q.4. Are transformers normally considered to he efficient devices? 

Ans. Yes, normally transformers are considered as efficient devices. 

Q.5. Why is the efficiency of a transformer high as much as 96%? 

Ans. It is because transformers do not have rotating parts and mechanical losses do not occur. 

Q.6. How can eddy current loss be reduced? 

Ans. Eddy current loss can be reduced by laminating the core (0.35 mm to 0.5 mm thickness) and each 
lamination must be insulated from the other by an insulating layer (varnish). 

Q.7. How may the iron loss be reduced to a minimum? 

Ans. Iron loss can be minimised by using steel having sufficient quantity of silicon, now-a-days cold rolled 
grain oriented steel [CRGOS) is used, and the core is laminated, each lamination has a thickness 0.35 
to 0.5 mm and insulated from each other. 

Q.8. In a transformer, buzzing noise cannot be avoided. Justify. 

Ans. Since magnetostriction phenomenon cannot be avoided, tbe buzzing noise produced by a transformer 
cannot be avoided. 
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2.30 Transformer Tests 

All the transformers are tested before placing them in the field. By performing these tests, we can 
determine the parameters of a transformer to compute its performance characteristics (like voltage 
regulation and efficiency etc.). 

Large transformers cannot be tested by direct loading because of the following reasons: 

(i) It is almost impossible to arrange such a large load required for direct loading. 

(ii) While performing test by direct loading, there is huge power wastage. 

(Hi) It is very inconvenient to handle the power equipment. 

Therefore, to furnish the required information open circuit and short circuit tests are conducted 
conveniently without actually loading the transformer. 

The other important tests which are conducted on a transformer are polarity test voltage ratio test 
and Back-to-back test. 


2.31 Polarity Test 

Polarity test is performed to determine the terminals with same instantaneous polarity of the two 
windings when terminals are not being marked. The relative polarities of the primary and secondary 
terminals are required to be known for 

(i) interconnecting two or more transformers in parallel. 

(ii) connecting three single-phase transformers while doing poly-phase transformation of power. 
(Hi) connecting windings of the same transformer in parallel or series. 

For determining the relative polarity of the two windings of a transformer, the two winding are 
connected in series and a voltmeter is connected across them as shown in Fig. 2.45. One of the 
winding (preferably HV winding) is excited from a suitable AC voltage (less than rated value). If the 
polarities of the windings are as marked on the diagram, then the windings will have a subtractive 
polarity and the voltmeter will read the difference of and (i.e., - E^. If the voltmeter reads 

+ E^ the polarity marking of one of the windings must be reversed. 


E1-E2 



Polarity test 

Fig. 2.45 Circuit diagram for polarity test 
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While performing polarity test, subtractive polarity method is preferred over additive polarity 
method, because in this case, the voltage between A and A' or that between B and B' is reduced. The 
leads connected between these terminals and two windings are not subjected to high voltage stresses. 
Whereas, in case of additive polarity the two windings and leads connected between AA' and BB' 
are subjected to high voltage stresses. 

When the transformer is placed in the field, it may not be convenient to perform the above test 
to check the polarity. In such cases, polarity may be checked by using a battery, a switch and a DC 
voltmeter (PMMC type) which are connected in the circuit as shown in Fig. 2.46. When switch (S) 
is closed, the primary current increases which increases the flux linkages with both the windings 
inducing emf in them. The positive polarity of this induced emf in the primary is at the end to which 
battery is connected. The end of secondary which simultaneously acquires positive polarity which 
is indicated by the deflection in the (PMMC) voltmeter. If deflection does not occur, then open the 
switch. At this instant, if deflection occurs the polarity of secondary is opposite. 



DC 

voltmeter 


(PMMC) 


2.32 Voltage Ratio Test 


The true voltage ratio is based upon turn-ratio of the two windings of a transformer. In case the two 
voltages are measured at no-load, their ratio is almost equal to the true value. Similarly, if the primary 
and secondary currents are measured on short circuit, their ratio gives true-ratio particularly if the 


transformer has little leakage flux and low core reluctance, voltage ratio 




A 

h 


2.33 Open-circuit or IMo-load Test 

This test is carried out at rated voltage to determine the no-load loss or core loss or iron loss. It is 
also used to determine no-load current /g which is helpful in finding the no-load parameters i.e., 
exciting resistance and exciting reactance of the transformer. 

Usually, this test is performed on low voltage side of the transformer, i.e., all the measuring 
instruments such as voltage (V), wattmeter (W) and ammeter (A) are connected in low-voltage side 
(say primary). The primary winding is then connected to the normal rated voltage Vj and frequency 
as given on the name plate of the transformer. The secondary side is kept open or connected to a 
voltmeter V’ as shown in Fig. 2.47(a). 
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Since the secondary (high voltage winding) is open circuited, the current drawn hy the primary is 
called no-load current /q measured by the ammeter A. The value of no-load current is very small 
usually 2 to 10% of the rated full-load current. Thus, the copper loss in the primary is negligibly 
small and no copper loss occurs in the secondary as it is open. Therefore, wattmeter reading Wg only 
represents the core or iron losses for all practical purposes. These core losses are constant at all loads. 
The voltmeter V if connected on the secondary side measures the secondary induced voltage ¥ 2 - 


The ratio of voltmeter readings 


’ 


gives the transformation ratio of the transformer. The phasor 


diagram of transformer at no-load is shown in Fig. 2.47(b). 



Fig. 2.47 Open circuit test 



Let the wattmeter reading = 
voltmeter reading = 
and ammeter reading = 
Then, iron losses of the transformer P. = 

i.e., Vj /q cos = 

No-load power factor, cos ^g = 

Working component, = 
Magnetising component = 


^0 

^0 

Vi^o 

Vi 

silo - 


No-load, parameters, i.e.. 

Equivalent exciting resistance, 

Equivalent exciting reactance, Xg 
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The Iron losses measured by this test are used to determine transformer efficiency and parameters 
of exciting circuit of a transformer shown in Fig. 2.48. 



Fig. 2.48 Equivalent circuit of a transformer at no-load 


2.34 Separation of Hysteresis and Eddy Current Losses 

Core losses (i.e., iron losses or magnetic losses) of a transformer are constituted by (;) hysteresis loss 
and (ii) eddy current loss. 

According to Steinmetz’s empirical relations; 

W, = K, Vf B]f . ..(2.77) and t^V .. .(2.78) 

If thickness of laminations and volume of the core is kept constant, these losses will depend upon 
supply frequency and maximum flux density and hence. 

W,= PfB]f ...(2.79) 

and W^=QfBl ...(2.80) 

where P and Q are the new constants. 

For a transformer, emf equation is given by the relation; 

E = AAANfB A. 

m i 


E V 

or 5 oc — oc — as other values are constant. 

f f 


...(2.81) 


For a particular value of B^, the core losses per cycle may be represented as; 

^ =A + Bf ...(2.82) 

where A and B are other constants (i.e., A = PB^f and B = QB^ ) 

The value of constants A and B can be determined by performing open-circuit test on the 


transformer at different frequencies but keeping ratio of y to/ i.e. — constant at every instant. 

V J J 


While performing this test, the applied voltage V and frequency/are varied together (by adjusting 
the excitation and speed of the alternator, respectively which supplies power to the transformer) 

At every step, take the reading of frequency meter ‘f and wattmeter ‘P/ Plot a curve between/ 
P. 

and , it will give a straight line curve as shown in Fig. 2.49. 



Electrical Machines 


162 



Where this line intercepts the vertical axis {R) gives the value of constant A (i.e., A = OR), whereas, 
the slope of the line gives the value of constant B. Knowing the value of A and B we can separate 
the hysteresis and eddy current losses. 


Example 2.42 

The iron losses of a 400 V, 50 Hz transformer are 2500 W. These losses are reduced to 850 W when 
the applied voltage is reduced to 200 V, 25 Hz. Determine the eddy current loss at normal frequency 
and voltage. 


Solution: 

We know, 


E = 4.4ANfA.B 
B^x y (since all other quantities are constant) 

As ^ = 8 and ^ = 8 ; is same in both the cases 

Ji 50 /2 25 ^ 

Hysteresis loss, W^oc/= Pf 
Eddy current loss, W^xf^ = Qf^ 

W, 


(where P is a constant) 
(where Q is a constant) 


Total iron loss, W. = W,+ W =Pf+ Qf or —f = P + Qf 


When/= 50 Hz; W. = 2500 


When/=25 Hz; W.= 850 


2500 

50 


850 


/ 


= P + 2 X 50 or P + 50 2 = 50 


=P + Qx25orP + 25Q = 34 


...(2.83) 


...(2.84) 


...(2.85) 
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Subtracting eq. {Hi) from {ii), we get, 

25 2 = 16 or e = 0.64 

From eq. {ii), we get, P + 50 x 0.64 = 50; P = 18 .. .(2.86) 

Eddy current loss at normal frequency and voltage. 

= 2/2 = 0.64 X 50 X 50 = 1600 W {Ans) 


Example 2.43 

A transformer has hysteresis and eddy current loss of700 W and 500 W, respectively when connected 
to 1000 V, 50 Hz supply. If the applied voltage is raised to 2000 V and frequency to 75 Hz, find the 
new core losses. 


Solution: 

Here, V^= 1000 V;/j = 50 Hz; W. = 1200 W; lF^j= 700 W 

= 500 W; V 2 = 2000 V'f^ = 75 Hz 

We know, oc 3 ]^ X f = X / ...(2.87) 

W,oc Blxf = QBlxf ...(2.88) 

Induced emf, E = 4.44 NfB A. volt 

’ •’mi 


or 


B 


m 



Substituting this value in eqs. (2.87) and (2.88), respectively, we get. 


(•.• 4.44 NA. are constant) 


Case-I: 


Case-II: 


W, = P f IJ X / = Ppi-V”® 

W, = 2 j X /2 = QE^ 

When £ = Vj = 1000 V and/=/j = 50 Hz 
^hi = m 

700 = P(1000)2-6 X (50)-° ® 

700 = P X 63096 x 0.0956 or P = 0.116 
W^, = QxE^ 

500 = 2 X (1000)2 or 2 = 5 X 10-^ 

When E=V^ = 2000 V and /=/2 = 75 Hz 

W^2= F(y2)‘ V2“° ® = 0.116 X (2000)2 ® X (75)-° ® 
= 0.116 X 192.27 X 102 x 0.075 = 1664 W 


...(2.89) 

...(2.90) 



Electrical Machines 


= 2 X = 5 X 10-4 X (2000)2 = 2000 W 
New core losses, W.2 = + '^^2 ~ 1664 + 2000 = 3664 W (Ans^ 
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Example 2.44 

The hysteresis and eddy current loss of a ferromagnetic sample at a frequency of 50 Hz is 25 watts 
and 30 watts, respectively, when the flux density of 0.75 tesla. Calculate the total iron loss at a 
frequency of400 Hz, when the operating flux density is 0.3 tesla. 

Solution: 

At frequency,/j= 50 Hz: 25 W; = 30 W; = 0.75 tesla 


frequency,/, = 400 Hz; B , = 0.3 tesla 


or 


= PBlf^ / or 25 = P X (0.75)2 o x 50 


25 


(0.75)* ® X 50 


= 0.7922; QBl,f^ 


30 = 2 X (0.75)2 X (50)2 OJ. 2 = 


30 


(0.75)^ X (50)^ 


= 0.02133 


W ^2 = X /z = 0-7922 X (0.3)2-^ x 400 = 46.16 W 

= Q^mi X fi = 0.02133 X (0.3)^ x (400)^ = 307.2 W 
Total iron losses, B= IT^j + '^ei~ 46.16 + 307.2 = 353.36 W {Ans) 


Example 2.45 

The following test results were obtained when a 10 kg specimen of sheet steel laminated core is put 
on power loss test keeping the maximum flux density and wave form factor constant. 

Frequency (in Hz) 25 40 50 60 80 

Total loss (in watt) 18.5 36 50 66 104 

Calculate the current loss per kg at frequency of 50 Hz. 

Solution: 

At a given flux density and waveform factor, total iron losses are given as 

Pi = Ph+Pe = ^f+ ^ ^ 

Total iron loss/cycle i.e., B//for various values of frequency is given below: 

/ 25 40 50 60 80 

P/f 0.74 0.9 2.0 2.1 2.3 

A graph is plotted between B//and/as illustrated in Fig. 2.50. From graph A = 0.5 and B = 0.01 
Eddy current loss at 50 Hz = B/2 = 0.01 x (50)2 _ 25 yyatt 

25 

Eddy current loss per kg at 50 Hz = -777 = 2.5 watt (Ans.) 
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Frequency, (f) 


Fig. 2.50 Curve for frequency vs iron losses in a given transformer 


2.35 Short Circuit Test 

This test is carried out to determine the following: 

O') Copper losses at full load (or at any desired load). These losses are required for the calculations 
of efficiency of the transformer. 

iii) Equivalent impedance or resistance or and leakage reactance or of the 

transformer referred to the winding in which the measuring instruments are connected. Knowing 
equivalent resistance and reactance, the voltage drop in the transformer can be calculated and 
hence regulation of transformer is determined. 

This test is usually carried out on the high-voltage side of the transformer i.e., a wattmeter W, 
voltmeter V and an ammeter A are connected in high-voltage* winding (say secondary). The other 
winding (primary) is then short circuited by a thick strip or by connecting an ammeter A' across the 
terminals as shown in Fig. 2.52. A low voltage at normal frequency is applied to the high voltage 
winding with the help of on autotransformer so that full-load current flows in both the windings, 
measured by ammeters A and A'. Low voltage is essential, failing which an excessive current will 
flow in both the windings which may damage them. 

Since a low voltage (usually 5 to 10% of normal rated voltage) is applied to the transformer winding, 

therefore, the flux set up in the core is very small about th to ^ th of normal flux. The iron losses 

30 8 

are negligibly small due to low value of flux as these losses are approximately proportional to the 
square of the flux. Hence, wattmeter reading Vk. only represents the copper losses in the transformer 
windings for all practical purposes. The applied voltage ¥ 2 ^^ is measured by the voltmeter V which 
circulates the current (usually full load current) in the impedance Z^^ of the transformer to the 
side in which instruments are connected as shown in Fig. 2.52. 
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Fig. 2.51 Short circuit test (circuit diagram) Fig. 2.52 Short circuit test (phasor diagram) 



* For convenience and better resuits, short circuit test is performed on Wl/side of the transformer; to make it 
ciear, iet us consider an exampie. 

To perform short circuit test about 5 percent of rated voitage is required. For a 250 kVA, 2500/250V 

q 

transformers, if short circuit test is performed on FiV side, voitage required forthe test is 2500 x = 125 1/ 

(which is quite convenient and suitabie for measurement) and the current wouid be ^^^2500^^^ = 100 A . 

if this test is conducted on LV side, then voitage required wouid be ^^^ 2 ^ 0 ^^^ ~ ^ 

observed that appiied voitage is very iow and current is very high, both are inconvenient to measure with 
ordinary instruments. 
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After calculating and the voltage regulation of the transformer can be determined at any 
load and power factor. 


2.36 Back-to-back Test 

(Sumpner’s Test or Regenerative Test) 
Although efficiency and regulation of a transformer can be determined by performing open circuit and 
short circuit test but to test temperature rise, it is necessary to conduct a full-load test on a transformer. 
For small transformers, full-load test can be conveniently conducted, but for large transformers 
full-load test is very difficult. A suitable load to absorb full-load power of a large transformer may 
not be easily available. It will also be very expensive as a large amount of energy will be wasted in 
the load during the test. Therefore, large transformers can be tested for determining the maximum 
temperature rise by back-to-back test. This test is also called the Regenerative test or Sumpner’s test. 

The back-to-back test on single-phase transformers requires two identical transformers. Fig. 2.53, 
shows the circuit diagram for the back-to-back test on two identical single-phase transformers T^^ 
and Tj.^. The primary windings of the two transformers are connected in parallel and supplied at 
rated voltage and rated frequency. A voltmeter, an ammeter and a wattmeter are connected to the 
input side as shown in Fig. 2.53. 



The secondary windings are connected in series with their polarities in phase opposition, which 
can be checked by the voltmeter Fj- The range of this voltmeter should be double the rated voltage of 
either transformer secondary. In order to check that the secondary windings are connected in series 
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opposition, any two terminals (say B and C) are joined together and the voltage is measured between 
the remaining terminals A and D. If the voltmeter reads zero, the two secondary windings are in 
series opposition and terminals A and D are used for test. If the voltmeter reads a value approximately 
equal to twice the rated secondary voltage of either transformer, then the secondary windings are 
acting in the same direction. Then terminals A and C are joined and the terminals B and D are used 
for the test. 

If the primary circuit is now closed, the total voltage across the two secondary windings in series 
will be zero. There will be no current in the secondary windings. The transformers will behave as 
if their secondary windings are open circuited. Hence, the reading of wattmeter VTj gives the iron 
losses of both the transformers. 

A small voltage is injected in the secondary circuit by a regulating transformer excited by the 
main supply. The magnitude of the injected voltage is adjusted till the ammeter reads full-load 
secondary current. The secondary current produces full-load current to flow through the primary 
windings. This current will follow a circulatory path through the main bus-bars as shown by dotted 
line in Fig. 2.53. The reading of wattmeter W 2 will not be affected by this current. Thus, wattmeter 
W 2 gives the full-load copper losses of the two transformers. 

The ammeter Aj gives total no-load current of the two transformers. Thus, in this method we 
have loaded the two transformers to full load but the power taken from the supply is that necessary 
to supply the losses of both transformers. 

The temperature rise of the transformers can be determined by operating these transformers back- 
to-back for a long time, say 48 hour, and measuring the temperature of the oil at periodic intervals 
of time, say every one hour. 


Example 2.46 

Open-circuit, and short-circuit tests were conducted on a 50 kVA, 6 360/240 V, 50 Hz, single-phase 
transformer in order to find its efficiency. The observations during these tests are: 

O.C. test. Voltage across primary winding = 6 360 V; Primary current = 1.0 A, and Power input 
= 2kW. 

S.C. test. Voltage across primary = 180 V; Current in secondary winding = 175 A, and Power 
input = 2 kW. 

Calculate the efficiency of the transformer, when supplying full-load atp.f. of 0.8 lagging. 


Solution: 


O.C. lest: 


S.C. test: 


V/. = 2 000 W; = 208.33 A 

f.r = 175 A; W = 2 000 W 


Cu loss at full-load, P = W. 


= 2000 


208.33 


= 2 833 W 


Efficiency 


50 X 10" X 0.8 X 100% 

50 X 10^ X 0.8 -I- 2 000 -t- 2 833 


: 95.33% {Ans) 



Single-Phase Transformers 


169 


Example 2.47 

A 15 kVA, 440/230 V, 50 Hz, single phase transformer gave the following test results: 

Open Circuit (LV side) 250 V, 1.8A, 95 W. 

Short Circuit Test (HVside) 80 V, 12.0 A, 380 W. 

Compute the parameters of the equivalent circuit referred to LV side. 


Solution: 

Transformer rating = 15 kVA; Ej = 440 V; Ej = 230 V;/= 50 Hz 
Open circuit test (LV side); Vj = 250 V; /q = 1.8 A; Wq = 95 W 
Short circuit test (HV side); = 80 V; = 12 A; = 380 W 
From open circuit test performed on LV side; 


/ 

W 


1 

mag 


= V(l-8)" - (0-38)" = 1.75943 A 


y, 

Exciting resistance, Rn= = 


250 

0.38 


= 658 Q. 


Exciting reactance, = 


y, 


250 

1.75943 


= 142 Q. 


Erom short circuit test performed on HV side; 

L, 


ep 


R = 

ep 


X = 

ep 


i(.c) ^ M = 6,667 Q. 


‘\{sc) 


12 


__ 380 

(^l(sc)f ( 12 )' 


= 2.639 Q 


= V (6.667)2 _ (2.639)^ = 6.122 £1 


Transformation ratio, K = — = = 0.5227 

E, 440 


Transformer resistance and reactance referred to LV (secondary) side; 

R^^ = R^^ xK^ = 2.639 X (0.5227)2 ^ o.7211 Q 
Z =A X Z2 = 6.122 X (0.5227)2 = 2.673 O 

es ep ^ ' 


Example 2.48 

A 50 MVA, 60 Hz single-phase transformer indicates that it has a voltage rating of 8 kV: 78 kV. Open 
circuit test and short circuit test gave the following results: 
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Open Circuit Test: 8 kV, 61.9 A and 136 kW 
Short Circuit Test: 650 V, 6.25 kA and 103 kW. 

Determine the efficiency and voltage regulation if the transformer is operating at rated voltage and 
a load of 0.9 p.f. lagging. 


Solution: 

Here, rating of transformer = 50 MVA = 50 x 10® VA 

1/^ = 8 kV; Vj = 78 kV; Load p.f., cos f = 0.9 lag 
Open circuit {LV side): ^ kV; /q = 61.9 A; = 136 kW 

Short circuit test (LV side): ^i(jc) “ h(sc) ~ ~ 

From open circuit test, iron losses of the transformer, 

P^ = vr^= 136 kW 

At rated capacity, full-load current of the transformer on LM side. 


Rated capacity _ 50 x 10® 


'!(//) 


L, 


8x 10^ 


: 6.25 kA 


Since = 6.25 kA, the short circuit test is performed at full load. 


Full load copper losses, P =W = 103 kW 


Full-load efficiency. 


Rated kVAx cos 


Rated kVA X cos (b + P: in kW + R, in kW 


50 X 10^ X 0.9 


50 X 10^ X 0.9 -t-136 -t 103 
Considering the data of short circuit test; 

Transformer impedance referred to primary. 


= 0.9947 = 99.47% (Ans.) 


F, 


l(ie) 


650 


h(sc) 6.25 X10^ 

Transformer resistance referred to primary, 


: 0.104 Q 


R 


ep 



103 X 10^ 
(6.25 X 10^)^ 


= 0.0165 n 


Transformer reactance referred primary. 


- R% = V(0.104)^ - (0.0165)^ = 0.10317 Q 
Load p.f., cos (j) = 0.9; sin tj) = sin cos^' 0.9 = 0.4359 


= yi-/iR,^cos?S-/jA^^sin^ 

= 8 kV - 6.25 kA x 0.0165 x 0.9 - 6.25 kA x 0.10317 x 0.4359 
= 8 - 0.0928 - 0.28107 = 7.626 kV 
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Voltage regulation, Reg = ^= 0.04675 (per unit) 

Vj 8 

% /Jeg = 0.04675 x 100 = 4.675% {Ans) 


Example 2.49 

Determine the percentage efficiency and regulation at full load 0-9 pf. lagging of a 5 kVA, 220/440 
V single phase transformer. When the following test data is obtained. OC. Test - 220 V, 2 A, 100 W 
on L.V. side; S.C. Test — 40 V. 11-4 A, 200 Won H.V. side. 


Solution: 

From O.C. Test, Iron losses, P. = 100 W; 

From S.C. Test, Copper losses, W = 200 W {at the load at which test is performed) 


Full-load current on HV side, T = 


kVA X 1000 ^ 5 X 1000 
V 2 440 


= 11.4A 


i.e., SC Test is performed at full load since 

Full-load copper loss, = IF, = 200 W 

kVA X 1000 X cos02 


^2sc ^2 


Efficiency, 77 = 


kVA X 1000 X cos 02 + Pi+P, 
5 X 1000 X 0.9 


X 100 


From S.C. Test: 


R 


5 X 100 X 0.9 100 + 200 

Wattmeter reading _ 200 


(Ammeter reading)^ (11.4)^ 


X 100 = 93-75% (Ans.) 
= 1.539£2 


Volmeter reading _ 40 

Ammeter reading (11.4) 


= 3.509f2 


Here 


Xe.= ^l{Zes) -{Res) = p-509) -(l.539) = 3.153£2 
cos 02 = 0-9; sin 02 = sin cos^' 0-9 = 0-4359 
^2 = ^2 + 4 Res cos 02 + 4 sin 02 

= 440 -H 11-4 X 1-539 x 0-9 -h 11-4 x 3-153 x 0-4359 = 471-46 V 


% Reg = ^ 100 = X 100 = 6-67% (Ans.) 

£2 471.46 

Example 2.50 

The following data was obtained when O.C. and S.C. tests on a 5 kVA, 230/160 V, 50 Hz, transformer 
were performed. 

O.C. test (H.V. side) - 230V, 0-6 A, 80 watt 
S.C. test (L.V. side) -6 V, 15 A, 20 watt 

Calculate the efficiency of transformer on full load at 0-8 p.f. lagging. 
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Solution: 

From open circuit test, iron losses, P. = 80 W 
As short circuit test is performed on L.V. side, 


Full load secondary current. 

Copper losses measured at S.C. test. 

Full load copper losses. 


hsc ~ 


h ~ 


15 A 

5 X 1000 
160 


IF = 20W 

C 


31.25A 



(^r 


X 20 


86.8W 


Efficiency of transformer at full load 0-8 p.f. lagging 


77 = 


kVA X 1000 X coscj) 
kVA X 1000 X COS0 + Pi + Pc 


X 100 


5 X 1000 X 0.8 
5 X 1000 X 0.8 + 80 + 86.8 


X 100 = 96% (Ans.) 


Example 2.51 

Following data were obtained on a 20 kVA, 50 FIz, 2000/200 volt distribution transformer 

V (Volt) I (Amp) Power (Watt) 

O.C. Test 200 4 120 

S.C. Test 60 10 300 

Draw approximate equivalent circuit referred to H.V. side and L.V. side. Also calculate efficiency if 
the L.V. side is loaded fully at 0.8 power factor. What is maximum efficiency of the transformer at 
power factor and also find percentage load at which the maximum efficiency is obtained. 

Solution: 

Flere, Rating of transformer = 20 kVA;/= 50 FIz; V^ = 2000 V; V 2 = 200 V 

Open circuit test is performed at rated voltage, therefore, as per data given, it is performed on LV 
side i.e., secondary side 

^2 

Iron loss, P. 

Wattful component, 1 

r ’ VV 


Magnetising component, 1^^^ 
Exciting resistance, 

Exciting reactance, Ag 


200 V; L = 4A; Wg = 120 W 


Wg =120 W 

]^ = 120 = 06 A 
^2 200 


= A" - = V(4)" - (0.6)2 ^ 3 955 ^ 


^ ^ ^ 333 33 ^ 

/ , 0.6 


Vo 


200 

3.955 


= 50.57 Q 
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Short circuit test is performed at reduced voltage and almost at full-load current, therefore, as per 
data given, it is performed on HV side i.e., primary side. 

n(.c) = 60V;/,,^^)=10A;W^ = 300W 


kVA X 1000 _ 20 X 1000 


= lOA 


The test is performed at full-load. 

Copper losses at full-load, P =W = 300 W 


ep J 




ih(sc)f iW 


= 3 0. 


- R% = V(6)2 - (3)2 = 5.2 


Transformation ratio, K = ^ = = 0.1 

Vj .ZUUU 

Exciting resistance and reactance refused to HV side 


^ ^ 333.33 

° (0.1)2 


= 33333 O 


y, ^ 50.57 

° ^2 ( 0 . 1)2 


= 5057 O 


When resistance and reactance of transformer windings is referred to LV side 
R =R X = 3 X (0.1)2 = 0.03 Q 
X =X X a2 = 5.2 X (0.1)2 = 0.052 Q 

The approximate equivalent circuit of the transformer referred to HV side and LV side are drawn 
and shown in Figs. 2.54 (a) and (b), respectively. The values of various parameters are mentioned 
in the solution. 



(a) Referred to secondary side 


(b) Referred to primary side 


Fig. 2.54 Equivalent circuit 
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Efficiency of the transformer of full-load, 0.8 power factor, 


% 77 = 


kVA X 1000 X 0.8 
kVA X 1000 X 0.8 + Pi+ P, 


X 100 


20 X 1000 X 0.8 
20 X 1000 X 0.8 120 -F 300 


X 100 = 97.44% {Ans) 


Condition for maximum efficiency. 

Copper loss = Iron loss 




120 


120 

0.03 


: 63.246 A 


Fraction of the load at which the efficiency is maximum. 


X = 


63.246 

100 


= 0.63246 


2(fl) 


Value of max. efficiency, 77 


_ X X kVA X 1000 X 0.8 _ 

xxkVAx 1000 X 0.8 -f 120 120 

0.63246 X 20 X 1000 x 0.8 


0.63246 X 20 X 1000 x 0.8 - 1 -120 - 1 -120 
97.68% (Ans.) 


20 X 1000 
200 

X 100 

X 100 


= 100 A 


Example 2.52 

Open-circuit and short-circuit tests on a 4 kVA, 200/400 V, 50 PIz, one-phase transformer gave the 
following test: 

O.C. test: 200 V, 1 A, 100 W (on L.V. side) 

S.C. test: 15 V, 10 A, 85 W (with primary short-circuited) 

(i) Draw the equivalent circuit referred to primary: (ii) calculate the approximate regulation at the 
transformer at 0.8 p.f lagging, and leading. 


Solution: 

Transformer rating = 4 kVA; Ej = 200 V; = 400 V 
O.C. test (LV, side): V^ = 200 V; /q = 1 A; Wq = 100 W 
S.C. test (HV side): = 15 V; = 10 A; = 85 W 

From open-circuit test: 


1 

W 


1 

mag 


1^1 


100 

200 


= 0.5A 


sjlo - = V(l)" - (0.5)2 


0.866 A 
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X — — 231 Q, 


From short - circuit test: 


Ks = -H ^ = 0-85 ^ 

ihisof (10)' 

Z = = 11 = 1.5 £2 

“ h(sc) 10 

- 4 = V(1.5)' - (0.85)2 ^ J 236 Q. 
V- 400 _ ^ 

R = ^ = ^ = 0.21 a 


{ly 

^es ^ 1.236 
(if 


= 0.31 Q. 


The equivalent circuit referred to primary side is shown in Fig. 2.55. 

L Roi=0.21Q X.|=0.31£2 


200 V 01 1 

, = 400Q; 


Xo.|=231Q 


Fig. 2.55 Equivalent circuit 


Power factor of the load, cos cj) = 0.8; sin cj) = sin cos ' 0.8 = 0.6 
T.,,.. _j_, , kVA X 1000 4 X 1000 , 


Full-load secondary current, L 


= 10 A 


(ii) Percentage regulation (referred to secondary) at: 

. /2(/?2COS 0 -E A2Sin0)X 100 

(a) 0.8 p.f lagging = ^^^ - 


10(0.85 X 0.8 -t- 1.236 x 0.6) x 100 


= 3.544% (Ans.) 


(b) 0.8 p.f leading = 


10(0.85 X 0.8 - 1.236 x 0.6) x 100 


= -0.154% (Ans.) 
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Example 2.53 

When OC Test and SC Test were performed on a 50 kVA transformer the following results were 
obtained: 

Open circuit tests: Primary voltage 3300 V, secondary voltage 415 V, power 430 W 

Short circuit test: Primary voltage 124 V, primary current 15.3 A, primary power 525 W secondary 

current full load value. 

Calculate: 

(a) The efficiency at full-load and at half-load for 0 .7 power factor. 

(b) The voltage regulation for power factor 0.7: (i) lagging (ii) leading 

(c) The secondary terminal voltages corresponding to (i) and (ii). 


Solution: 


Rating of transformer = 50 kVA; Power factor = 0.7 
Open circuit test (primary): Pj = 3300 V; V 2 = 415 V; Wg = 430 W 
Short circuit test (primary): = 124 V; = 15.3 A; = 525 W 

Short circuit test is performed at full-load secondary current, 

Full-load copper losses, P^=W^ = 525 W 
Iron losses, P^ = ^ 

When p.f., cos cj) = 0.7 


(a) Full-load efficiency, 77 ^^ = 


Efficiency at half-load, 77 ^. 


kVA X 1000 X cos 0 
kVA X 1000 X cos 0 -(- F; -t P^ 

50 X 1000 X 0.7 
50 X 1000 X 0.7 + 430 525 

0.5 kVA X 1000 X cos 0 
0.5 m X 1000 X COS0 + P^-b (0.5)^ P^ 

_ 0.5 X 50 X 1000 X 0.7 

0.5 X 50 X 1000 X 0.7 + 430 - 1 - (0.5)^ x 525 


X 100 = 97.34% (Ans.) 


xlOO 


= 96.89% (Ans.) 


(b) Transformer impedance referred to primary. 


Z 


ep 


V, 


l(ic) 


'l(ic) 


124 

15.3 


= 8.1Q 


Transformer resistance referred to primary. 


R = 






= 2.243 Q 

(15.3)^ 
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Transformer reactance referred to primary, 


X = jz3„ - 


-ep 


ep 


= V( 8 .lf - (2.243)^ = 7.783 Q 


At 3300 V, primary full-load current, 


j _ 50 X 1000 — 15 15 A 
1 “ 3300 ■ ^ 


For p.f., cos cj) = 0.7 lag; sin cj) = sin cos ^ 0.7 = 0.714 


= ^i-A-^.pCos«^-/iX^^sin^ 

= 3300 - 15.15 X 2.243 x 0.7 - 15.15 x 7.783 x 0.714 
= 3300 - 23.787 - 84.189 = 3192 V 


>R 




x 100 


3300- 3192 


Fi 3300 


x 100 = 3.27% {Ans) 


For p.f., cos cj) = 0.7 leading; sin cj) = sin cos ' 0.7 = 0.714 

E\ = V,-1, R cos (j)-)- LX sin 

= 3300 - 15.15 X 2.243 x 0.7 -t 15.15 x 7.783 x 0.714 
= 3300 - 23.787 -t 84.189 = 3360 V 


./? = 

eg 


^i-^±xl00 = ~ 


V, 


3300 


x 100 = -1.82% (Ans.) 


(c) Secondary terminal voltage at 0.7 p.f. lagging: 


V2 = E2 = KxE,whereK= ^ 


415 

3300 


X3192 = 402.4 V (A«a.) 


Secondary terminal voltage at 0.7 p.f. leading; 


' ' ' 415 


x 3360 = 422.5 V (Ans.) 


Example 2.54 

A 10 kVA, 2500/250 V, single phase transformer gave the following results: 
Open circuit Test: 250 V, 0.8 A, 50 W 
Short circuit Test: 60 V, 3A, 45 W 
Determine 

(a) Equivalent circuit parameters referred to LV side 

(b) The efficiency at full load and 0.8 power factor lagging 
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(c) Load (kVA) at which the maximum efficiency occurs 

(d) Voltage regulation at rated load and 0.8 pf leading 

(e) Secondary terminal voltage at rated load and 0.8 pf lagging. 


Solution: 

Transformer rating = 10 kVA; = 2500 V; = 250 V 

As per data, open circuit test is performed on LV side and short circuit test is performed on ElV side. 
Open circuit test (LV side); Vj = 250 V; /q = 0.8 A; Wq = 50 W 
Short circuit test {LIV side); = 60 V; = 3A; IT, = 45 W 
(fl) Open circuit test performed on LV side given; 

j — Pk Q \. r — ^0 _ 50 _ n o A 


4 = 0.8 A;/^=^ = ^ = 0.2A 


/4 -tw = V(0.8)" - (0.2)" = 0.7746 A 


Exciting resistance, Rn = ^ = 1250 Q (Ans.) 


Exciting reactance, = 323 O {Ans.) 

Short circuit test performed on HV side gives; 


ep j 


= ^ = 20 12 


(3)^ 


= 5 0. 


= Ko - Ko = V(20)" - (5)" = 19.36 O 


Transformation ratio, K = ^ = = 0.1 


Parameters, when referred to LV side; 


R =K^xR =(0.1)2x5 = 0.050 

p.<: fin ^ 


X =K^xX =(0.1)2x 19.36 = 0.19360 

es ep ^ ' 


(b) Full-load current on HV side, 


Copper loss at full-load, P 


X w; = 111 X 45 = 80 W 


Iron loss, P. = Wg = 50 W 
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Efficiency at full-load, 0.8 p.f lagging: 

77 = 


kVA X 1000 X cos (j) 
kVA X 1000 X cos (j) + 

10 X 1000 X 0.8 


10 X 1000 X 0.8 4-50-1-80 

(c) Fraction of load at which the efficiency is maximum; 


X 100 = 98.4% (Ans.) 



Load in kVA at which the efficiency is maximum 

= X X rated kVA = 0.79 x 10 = 7.9 kVA (Ans.) 

(d) When p.f, cos cj) = 0.8 leading; sin cj) = sin cos^' 0.8 = 0.6 

10 X1000 


hifl) - 


= 40 A 


250 

^2 = ^2- hKs COS ^ + 4 sin cj) 

= 250 - 40 X 0.05 X 0.8 4- 40 x 0.1936 x 0.6 
= 250 - 1.6 4- 4.6464 = 253 V 


% Reg 


42__4_ X 100 = X 100 


250 


: -1.2% (Ans) 


(e) When p.f. cos cj) = 0.8 lagging; sin cj) = sin cos ' 0.8 = 0.6 


Vj = £2 “ 4 ^es cos ^ - 4 ^es ^ 

= 250 - 40 X 0.05 X 0.8 4- 40 x 0.1936 x 0.6 
= 250 - 2.6 - 4.6464 = 243.75 V (Ans) 


Section Practice Problems 


Numerical Problems 

1. The iron losses of a transformer are 2500 W when operated on 440 V, 50 Hz; these are reduced to 850 
W when operated on 220V, 25 Hz. Calculate the eddy current loss at normal frequency and voltage. 

(Ans. 1600 W) 

2. The iron losses in a transformer core at normal flux density were 30 W at 30 Hz frequency and these were 

changed to 54 W at 50 Hz frequency. Calculate {a) the hysteresis loss and {b) the eddy current loss at 50 
Hz. (Ans. 44 W, 10 W) 

3. The following test results were obtained for a 250/500 V, single-phase transformer: - Short circuit test 
with low voltage winding short circuited: 20 M, 12 A, 100 W, Open circuit test on low voltage side; 250 M, 
1 A, 30 VJ. Determine the efficiency of the transformer when the output is 10 A, 500 V at 0-8 p.f lagging. 

(Ans. 96.4%) 



180 


Electrical Machines 


4. A 5 kVA, 230/110 V, 50 c/s transformer gave the following test results; O.C. test [H.V. side); 230 V, 0-6 

A, 80 W; S.C. test [LV. side); 6 V, 15 A, 20 W. Calculate the efficiency of the transformer on full-load at 
0-8 p.f. lagging. Also calculate the voltage on the secondary side under full-load conditions at 0-8 p.f. 
leading. (Ans. 93-82%, 117-4 V) 

5. A 5 kVA, 400/200 V, 50 Hz, l-phase transformer gave the following results: 

No-load: 400 V,1 A, 50 W (Cl/side) 

Short-circuit: 12 V, 10 A, 40 W (Wl/side) 

Calculate (a) the components of no-load current {b) the efficiency and regulation at full load and power 
factor of 0.8 lagging. (Ans. 0.125 A; 0.992 A; 97.8%: 3.13%) 

6 . A transformer has copper loss of 1.5% and reactance 3.5% when tested on load. Calculate its full-load 
regulation at (/) unity power factor (//) 0.8 p.f. lagging and {Hi) 0.8 p.f. leading. 

(Ans. r.56%; 3.32%; -0.83%) 

7. A 5 kVA, 200/400 V 50 Hz single phase transformer gave the following results. 

O.C. Test 200 V, 0.7 A, 60 W Low voltage side 

S.C. Test 22 V, 120 W, 120 W High voltage side 

(a) Find the %age regulation when supplying full load at 0.9 p.f. lagging. 

{b) Determine the load which gives maximum efficiency and find the value of this efficiency at unity 
p.f. (Ans. 3.08%, 4.54 kVA, 97.4%) 


Short Answer Type Questions 

Q.1. Why short circuit test is performed on high voltage side of transformer? 

Ans. For convenience and better results, short circuit test is performed on Wl/side of a transformer. 

Q.2. Why are iron losses or core losses assumed to remain constant in a power transformer from no- 
ioad to futi-ioad? 

Ans. The magnetic flux set-up in the core remains the same from no-load to full-load, hence iron losses 
remain constant from no-load to full-load. 


Q.3. How can iron loss he measured? 

Ans. Iron losses can be measured by performing no-load test on a transformer. 


Q.4. The percentage leakage impedance of a one-phase 2000 V/100 V, 5 kVA transformer is 2.5. What 
voltage should be applied to HV side for carrying out short-circuit test at rated current? 

Ans. Rated full-load on Wl/side, ^ 2000*^ ^ 

%Z= ^xlOO 


or 

or 


2.5 


2.5 xZ 
2000 


xlOO 


Z = 


2.5 X 2000 _ nn r-. 
2.5x100 “ 


Applied voltage at short circuit, = /^Z= 2.5 x 20 = 50V 
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2.37 Classification of Transformers 

The transformers are often classified according to their applications. Following are the important 

types of transformers: 

(i) Power Transformers: These transformers are used to step up the voltage at the generating 
station for transmission purposes and then to step down the voltage at the receiving stations. 
These transformers are of large capacity (generally above 500 kVA). These transformers usually 
operate at high average load, which would cause continuous capacity copper loss, thus affecting 
their efficiency. To have minimum losses during 24 hours, such transformers are designed with 
low copper losses. 

(it) Distribution Transformers: These transformers are installed at the distribution sub-stations 
to step down the voltage. These transformers are continuously energised causing the iron losses 
for all the 24 hours. Generally the load on these transformers fluctuate from no-load to full 
load during this period. To obtain high efficiency, such transformers are designed with low iron 
losses. 

(iti) Instrument Transformers: To measure high voltages and currents in power system potential 
transformer {P.T.) and current transformer (C.71) are used, respectively. The potential transformers 
are used to decrease the voltage and current transformers are used to decrease the current up 
to measurable value. These are also used with protective devices. 

(iv) Testing transformers: These transformers are used to step up voltage to a very high value for 
carrying out the tests under high voltage, e.g., for testing the dielectric strength of transformer 
oil. 

(v) Special purpose transformer: The transformers may be designed to serve special purposes, 
these may be used with furnaces, rectifiers, welding sets etc. 

(vi) Auto-transformers: These are single winding transformers used to step down the voltages for 
starting of large three-phase squirrel cage induction motors. 

(vii) Isolation transformer: These transformers are used only to isolate (electrically) the electronic 
circuits from the main electrical lines, therefore, their transformation ratio is usually one. 

(viii) Impedance matching transformer: These transformers are used at the output stage of the 
amplifier for impedance matching to obtain maximum output from the amplifiers. 


2.38 Parallel Operation of Transformers 

When the primaries and secondaries of the two or more transformers are connected separately to 
the same incoming and outgoing lines to share the load, the transformers are said to be connected 

in parallel. 

The two single-phase transformers A and B are placed in parallel as shown in Fig. 2.56. Flere 
the primary windings of the two transformers are joined to the supply bus-bars and the secondary 
windings are joined to the load through load bus-bars. Under this conditions; 

Uj = Primary applied voltage 

V 2 = V = Secondary load voltage. 
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Fig. 2.56 Parallel operation of two one-phase transformers (circuit diagram) 


2.39 Necessity of Parallel Operation 

The following are the reasons for which transformers are put in parallel. 

(f) When the load on the transmission lines increases beyond the capacity of the installed 
transformer. To overcome this problem one way is to replace the existing transformer with the 
new one having larger capacity (this is called augmentation of transformer) and the other way 
is to place one more transformer is parallel with the existing one to share the load. The cost of 
replacing the transformer is much more than placing another one in parallel with the existing 
one. 

Hence, it is desirable to place another transformer is parallel when the electrical load on the 
existing transformer increases beyond its rated capacity. 

(ii) Sometimes, the amount of power to be transformed is so high that it is not possible to build a 
single unit of that capacity, then we have to place two or more transformers in parallel. 

Hence, parallel operation of transformers is necessary when the amount of power to be 
transformed is much more than that which can be handled by single unit (transformer). 

(Hi) At the grid sub stations, spare transformers are always necessary to insure the continuity of 
supply in case of breakdown. The size of spare transformer depends upon the size of transformers 
placed at the grid sub-station. Therefore, it is desirable to place transformers of smaller capacity 
in parallel to transform the given load which in turn reduces the size of the spare transformer. 

Hence, it is desirable to do parallel operation of transformers if we want to keep the spare 
transformer of smaller size. 


2.40 ConiJitions for Parallel Operation of One-phase Transformers 

The following conditions are to be fulfilled if two or more transformers are to be operated successfully 
in parallel to deliver a common load. 

(i) Both the transformers should have same transformation ratio i.e., the voltage ratings of both 
primaries and secondaries must be identical. 
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If this condition is not exactly fulfilled i.e., if the two transformers ‘A’ and ‘B’ have slight 
difference in their voltage or transformation ratios, even then parallel operation is possible. 
Since the transformation ratios are unequal, primary applied voltage being equal, the induced 
emfs in the secondary windings will not be equal. Due to this inequality of induced emfs in the 
secondary windings, there will be, even at no-load, some circulating current flowing from one 
secondary winding (having higher induced emf) to the other secondary windings (having lower 
induced emf). In other words, there will be circulating currents between the secondary windings 
and therefore between primary windings also when the secondary terminals are connected in 
parallel. The impedance of transformers is small, so that a small percentage voltage difference 
may be sufficient to circulate a considerable current and cause additional P R loss. When load is 
applied on the secondary side of such a transformer, the unequal loading conditions will occur 
due to circulating current. Hence, it may be impossible to take the combined full load kVA output 
from the parallel connected group without one of the transformers becoming excessively hot. 
For satisfactory parallel operation the circulating current should not exceed 10% of the normal 
load current. 

(ii) Both the transformers should have the same percentage impedance. 

If this condition is not exactly fulfilled, i.e., the impedance triangles at the rated kVA’s are not 
identical in shape and size, even then parallel operation will be possible, but the power factors 
at which the transformers operate will differ from the power factor of the load. Therefore, in 
this case the transformers will not share the load in proportion to their kVA ratings. 

{Hi) Both the transformers must have the same polarity i.e., both the transformers must be properly 
connected with regard to their polarities. 

If this condition is not observed, the emfs in the secondary windings of the transformers which 
are parallel with incorrect polarity will act together in the local secondary circuits and produce 
the effect equivalent to a dead short circuit. 

Polarity Check: Referring to Fig. 2.56 we have two transformers A and B with terminals 
of unknown polarity. Primary terminals f and f are connected to the primary bus bars as 
usual. On the secondary side, one of the terminals of the transformer A is joined temporarily 
to a terminal of transformers B and the other terminals of A and B transformers are connected 
through the Double range voltmeter i.e., the two secondary windings and the double range 
voltage form a closed series circuit. If the double range voltmeter reads zero, when the primary 
windings are energised, then the terminal which are temporarily joined are of correct polarity 
i.e., like polarity, but if the double range voltmeter reads twice the normal secondary voltage, 
these terminals are of incorrect polarity i.e., unlike polarity. 

(iv) In case of3-phase transformers, the two transformers must have the same phase-sequence i.e., 
the transformers must be properly connected with regard to their phase-sequence. 

If this condition is not observed, it will have the same effect as discussed above when the polarity 
of two single phase transformers is not the same. Phase-sequence is also checked as discussed 
above. 

(v) In case of 3-phase transformers, the two transformers must have the connections so that 
there should not be any phase difference between the secondary line voltages i.e., a delta- 
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star connected transformer should not be connected with a delta-delta or star-star connected 
transformer. 

If this condition is not fulfilled, it will cause a heavy circulating current which may damage 
the transformers. 


2.41 Load Sharing between Two Transformers Connected in Parallel 

The load sharing between two transformers connected in parallel depends upon the various conditions 
are as discussed below: 


(/) When the two transformers have the same voltage ratios and their impedance voltage 
triangles are identical in size and shape. 

The condition for which the transformers have the same voltage ratio and impedance voltage 
triangles is known ideal condition or ideal case. Let E be the no-load secondary voltage of 
each transformer and V the terminal voltage. Figure 2.57 shows the equivalent circuit in which 
/j and are the currents supplied by the transformers A and B, respectively. I be the total load 
current lagging behind the voltage V by an angle cf). The impedance voltage triangles of the 
individual transformers are identical in shape and size and are therefore, represented by a single 
triangle VAB with the resistance drop (side VA) parallel to the load current vector 01 as shown 
in Fig. 2.58. The current f and I 2 in the individual transformers are both in phase with the load 
current I and are inversely proportional to their respective impedances. 


I = 

Also /[ Zj = 

£ ^ 
h 

h = 

the value of f in 

7 = 

Similarly, /; = 

Multiplying both sides by the 
fV = 

= 


or 

or 

Substituting 


h + h 


h ^2 


z7 — 
= -h 

Zi 


eq. (i), we get. 


— Z, — — 

+ h - h 

■^1 


■^2 “*■ -^1 


or U = 


Zj -t- Z2 


Zi -t- Z 2 


X / 


common terminal voltage V, we get. 


Zj + Z2 


V 7 ; Similarly I 2 V 


-Z, — 

,y/ 


Zj -(-Z2 


Zi Z2 


X I 


...(2.93) 

...(2.94) 


...(2.95) 

...(2.96) 


X kVA 


...(2.97) 
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Fig. 2.57 Circuit diagram of two transformers Fig. 2.58 Phasor diagram of two transformers 
connected in paraiiei operating in paraiiei (impedance 

voitage triangies are identicai) 


{ii) When the two transformers have the same voltage ratios hut different voltage triangles 

In this case, no-load voltages of both secondary are equal in magnitude as well as in phase i.e., 
there is no phase difference between and which will only be possible if the magnetising 
currents of the two transformers are not very different from each other or nearly the same. Under 
these conditions, both sides of two transformers can be connected in parallel, and no current 
will circulate between them on no-load. 

Figure 2.59 shows the equivalent circuit diagram when the parallel connected transformers 
are sharing the load current I, and it represents two impedances in parallel. The impedance 
voltage triangle is now represented by two triangles VAB, VA' B having common hypotenuse 
VB as shown in Fig. 2.60. The resistance drop sides of the triangles VA, VA' are parallel to the 
phasors Of and Of of the respective secondary currents. The sum of these vectors Of and 
Of represents the load current 01. 



Fig. 2.59 Circuit diagram of two transformers Fig. 2.60 Phasor diagram of two transformesr 
connected in paraiiei operating in paraiiei (having different 

voitage triangies) 
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Zj and Z 2 = impedances of the two transformers 
/j and 1 2 = the currents of the two transformers 
/ = total load current 
V = common terminal voltage. 

The total current I is given by 

7 = A +4 

From the equivalent circuit diagram, it is seen that 


E 2 = E , the common terminal voltage 


/j Zj — /j Zj - V 


Since Zj and Z 2 are in parallel, we have the equivalent impedance Z 


Z 

Z = 

The total combined current 


1 


1 


■^1 ^2 

Zj + Z 2 


/ = ^ = 


^(Zi + Z2) 
Zi Z 2 


V = 


^1 ^2 
(Z +Z 2 ) 


-X/ 


T Y - 

^1 -^1 


Zj + Z 2 


X / 


or 


Zj + Z 2 


Similarly 


^2 “ 


Zi + Z 2 


Multiplying both sides by the common terminal voltage V , we get, 


/i y 


Zj + Z 2 


X y/ 


Similarly 

Let 


I 2 Y = 


Zj + Z 2 


X y/ 


y X / X 10“^ = A:y4, the combined load in kVA. 
y X /j X 10“^ = kVA^ load shared by transformer ‘A’ in kVA. 
V X Lx 10“^ = kVA 2 load shared by transformer ‘B’ in kVA. 


...(2.99) 


...(2.100) 

...( 2 . 101 ) 
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kVA^ = 

^2 

X kYA 

...(2.102) 

Z\ + 

kVAi = 

Zi 

X Wa 

...(2.103) 

Z\ + ^2 

kVA^ 




kVA^ 





i.e., the load shared by each transformer is inversely proportional to their impedances. 

Again from equation (ii) or iiii), we get, 

T, = =^x~I ...(2.104) 

+1 
Zi 

or 4 = —x7 ...(2.105) 

5 ^ + 1 

Equation (vi) shows that the load shared by each transformer depends upon the ratio of impedances, 
so the unit in which they are measured does not matter. 

Note: The expression, derived above are vectoriai so that kVA^ and /rl/Zlj are obtained in magnitude 
as weii as in direction. 


(Hi) When the two transformers have different voltage ratio and different voltage triangles. 

In this case, the voltage ratios or transformation ratios of the two transformers are different. It 
means, these no-load secondary voltages are unequal. 

Let El, El be the no-load secondary emfs of the two transformers and Z be the load impedance 
across the secondary. 



Fig. 2.61 Circuit diagram of two transformers 
connected in paraiiei 



Fig. 2.62 Phaser diagram of two transformers 
operating in paraiiei having different 
voitage ratio and different voitage 
triangies. 
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The equivalent circuit and vector diagram are also shown in Fig. 2.61 and Fig. 2.62, respectively. 

It is seen that even when secondaries are on no-load, there will be some circulating-current in 
the secondaries because of inequality in their induced emf’s. This circulating current Ic is 

given by 

7c = (El- El)! (Zi -h Zi) ...(2.106) 


As the induced emf’s of the two transformers are equal to the total drops in their respective 


circuits. 




i.e.. 

El 

= hZi +1^2 El = IiZi + Vi 


Now 

Vi 

= I-Zl =(li +I 1 ) Zl where Zl = load impedance 



El 

= 7iZi -(-(/i +72 )Zl 

...(2.107) 


El 

= liZi+{li + ~Ii)Z^ 

...(2.108) 


El- El 

= 7iZi - hzi 

...(2.109) 


7i 

_ {El - El) + hZi 

Zl 



Substituting this value of 1\ in equation {Hi), we get. 


El = hZi + 


{El - El) + hZi 


h = 


EiZi-{Ei -Ei)Zl 


ZiZi + Zl {Zi + Zi) 
From the symmetry of the expression, we get 

EiZi + (£i - Ei)Zl 


h 


ZiZi + Zl {Zi + Zi) 


+ h 


Zl 


...(2.110) 


...( 2 . 111 ) 


The two equations (2.110) and (2.111) then give the values of secondary currents shared by the 
two transformers. By the division of transformation ratio i.e., K and by addition (if not negligible) 
of the no-load current the primary current may be obtained. Usually Ei and Ei have the same 

phase (as assumed above) but there may be some phase difference between the two due to some 
difference of internal connection viz- for the connections in parallel of a star/star and a star/ 
delta 3-phase transformers. 


If Zl and Zl are small as compared to Zl i.e., when the transformers are not operated near 
short-circuit conditions, then equations for 7i and Ii can be put in a simpler and more easily 
understandable form. Neglecting Z 1 Z 2 in comparison with the expression Zl (Zi +Z 2 ) we 
have 


EiZi_ | (gi-g2 ) 
Zl (Zl + Zl) Zl + Zl 


...( 2 . 112 ) 
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/2 = - -- B- ...(2.113) 

Zl(Zi+Z 2 ) Z 1 +Z 2 

The physical interpretation of second term in equations (2.112) and (2.113) is that it represents 
the cross-current (circulating current) between the secondaries. The first term shows how the 
actual load current divides between the loads. If E\ = Ei, the ratios of the currents are inversely 
as the impedances (Numerical values). 


Note: In the above case, it is more convenient to work with Numericai vaiues of impedances 
instead of % vaiues. 


Example 2.55 

A load of500A, at 0-8power (lagging), at a terminal voltage of400 V is supplied by two transformers 
are connected in parallel. The equivalent impedances of the two transformers referred to the 
secondary sides are (2 H- j3) ohm and (2.5 + j5) ohm, respectively. Calculate the current and kVA 
supplied by each transformer and the power factor at which they operate. 


Solution: 


Here, Zj 

Zi -h Zj 

1 

h 

h 

Power factor, cos 

h 

4 

Power factor, cos (j)^ 


2+j'5= ^/(2f"+"^/tan“^ f " ^ ' 606/5^ 31° 

2-5+j5= ^J{2^5fV{^ /_t^^ ^ = 5 • 59 /^ 44° 

2-\-j3 + 2-5-\-j5=4-5+j?,= ^/(4^^fT^/tair^ ^ = 9-17/60-64° 
/ /cos~‘ 0 • 8 = 500 /- 36 • 87° 


= 30.45 . or 

304-5 A (Ans.) 

cos (-34-07°) = 0-8184 lag (Ansi) 


Zi + Z2 


XI = 


3-606 756-31° 
9-178 /60-^ 


X 500 /- 36 - 87° 


196 - 45 /- 4 1 - 2° 


196-45 (Ans.) 

cos (- 41-2°) = 0-75524 lag (Ans.) 


Example 2.56 

Two single-phase transformers connected in parallel supply a load of1000 A at 0-8p.f. lagging. For 
each transformer, the secondary emfon open circuit is 3300 V and the total leakage impedances in 
terms of the secondary are (0-1 + jO-2) and (0-05 + jO-4) ohm, respectively. Determine the output 
current for each transformer and the ratio of the kW output of the two transformers. 
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Solution: 

^ = 0-1 +,/0-2 = 0-2236/63-44° 

^ = 0-05 +./0-4 = 0-4031/82-87° 

^ + ^ = 0-1 +,/0-2 + 0-05 +./0-4 = 0-15 +./0-6 = 0-6185/75-96° 

Taking secondary terminal voltage as reference vector, the expression of the current is 
7 = lOOO/cos-iQ.S = 1000/-36.87° 

x7 = X lOOZ - 36.87° = 651.7Z - 29.96° 

' Zi + Z 2 0.6185Z75.96° 

/j = 651-7 A {Ans) 


Power factor, cos (j)^ = cos (- 29-96°) = 0-866 lagging 


- ^1.-7 0-2236/63-44° 

+ ~ 0-6185/75-96° 

I 2 = 361-5 A (Ans.) 

Power factor, cos ^2 = cos (- 49-39°) = 0-651 lagging 
Ratio of the outputs of the two transformers. 


X 1000/-36-87° 


361-5/-49-39° 


kW^ 

kW2 


y/[ cos 
VI 2 cos 02 


3300x651-7x0-866 

3300x361-5x0-651 


= 2-398 {Ans) 


Example 2.57 

Two single-phase transformers I and II rated at 250 kVA, each are connected in parallel on both 
sides. Resistance and reactance drops for I and II are 1% and 6% and 1-2% and4-8%, respectively. 
Calculate the load shared by each and the respective power factors, if the total load is 500 kVA at 
0-8 power factor lagging. Their no-load emf’s are equal. 

Solution: 

^ = (1 + 76 )%; = 6-083/80-54° 

^ = (1-2 + 74 - 8 )% = 4 - 948/75-96° 

^ ^ = (1 + 76)% + (1 - 2 + 74 - 8 )% = (2-2 + 710 - 8 )% = 11-08/78-48° 
kVA = 500 /cos -‘ 0 - 8 = 500 /-36 - 87° 

x500ZzL6-87" = 223.3Zi9.39- 

kVA^ = 223-3 kVA {Ans.) 

Power factor, cos = cos (- 39-39°) = 0-773 lag {Ans) 
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kVA. 


Zj + Z2 




kVA^ = 274-5 kVA (Ans.) 

Power factor, cos = cos (- 34-81°) = 0-821 lag {Ans.) 

Example 2.58 

Two single phase transformers are connected in parallel. Both of them are having equal turns and 
an impedance of (0.5 + j3) ohm and (0.6 + jlO) ohm with respect to the secondary. Determine how 
they will share a total load of 100 kW at power factor 0.8 lagging. 


Solution: 

Here, 


Zi = (0.5 + ;3); Z 2 = (0.6 + j 10) 

Load = 100 kW; Power factor, cos (j) = 0.8 lag 

Load in kVA = ^ = 125 

p.f. 0 • 8 

cos (j) = 0.8; (j) = cos^' 0.8 = 36.87°; sin cj) = sin 36.87° = 0.6 
kVA = kVA (cos ^-j sin ^) 

= 125 (0.8 -j 0.6) = (100 -j 75) = 125Z - 36 • 87° 


Zi 


7(0-5)^ +(3f Ztan“' ^ = 3 • 04 Z80 • 54° 


Z 2 = J(0-6f -(-(10)^Ztan“' ^ = 10 • 018Z86 • 67° 

0 • 6 

Zi + Z 2 = 0.5 + j3 + 0.6 + J 10 = 1.1 + j 13 

= 7(1 • 1)^ + (13)^ Ztan“' ^ = 13 • 05 Z85 • 16° 


m, 


^2 xkVA= ' ^1° X 125Z - 36 ■ 87° 


kVA. = 


Z 1 +Z 2 13 04Z85 16 

95.96 z'-35.36° = 95.96 (0.8155 -j 0.5787) = 78.25 -j 55.54 

xm = 7.4^^xl25Z- 36 . 87 ° 


Z 1 +Z 2 13 04Z85 16° 

= 29.14 z'-42.49 = 29.14 (0.749 -j 0.662) = 21.83 -;19.29 
Load shared by transformer-I = 78.25 kW at p.f. 0.8155 lag (Ans.) 

Load shared by transformer-II = 21.83 kW at p.f. 0.749 lag (Ans.) 


Example 2.59 

A transformer A’ having an open circuit emf of 6600 V with impedance (0.3+j3) ohm referred 
to secondary is connected in parallel with transformer ‘B’ having an open circuit emf of 6400 V 
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with impedance (0.2+jl) ohm referred to secondary side. Calculate the current delivered by each 
transformer to a load impedance of (8+j6) ohm. 


Solution: 


Here 


El = 6600Z0° = 6600 + jO ; £2 = 6400 Z0° = 6400 + jO 
Zi = 0 • 3 + y3 = 3 • 015Z84 • 29°;Z2 = 0 • 2 + = 1 • 02Z78 • 69° 

Zi + Z 2 = 0 • 3 + y3 + 0 • 2 + ;1 = 0 • 5 + ;4 = 4 • 031Z82 • 87° 


Similarly 


Zl 


8 + j6 = 10Z36-87°; h 


EiZi + {E\ - E2 )Zl 
Z\ Z 2 + Zl{Z\ + Z 2 ) 


6600 Z0° X 1 • 02Z78 • 69° + (6600 - 6400) Z0° x 10Z36 • 87° 

3 • 015Z84 • 29° X 1 ■ 02Z78 • 69° + 10Z36 • 87 x 4 • 031Z82 • 87° 


6732Z78 ■ 69° + 2000Z36 ■ 87° 

3 • 0753Z162 • 98 + 40 • 31Z119 • 74° 

(1320 + y6601) + (1600 + ;1200) _ 2920 + y7801 

(-2 • 94 + 7 O • 9) + (-20 + 735 ) “ -22 • 94 + j35 • 9 


8329 ■ 6Z69 ■ 48° 
42 • 6Z - 53 • 42° 


= 195 • 53 Z126 • 9° 


f = 195.53 A (in magnitude) {Ans) 


I 2 


£ 2 Zi -(£1 -E2)Zl 
Z1Z2 + Zl (Zi + Z2) 

6400Z0° X 3 • 015Z84 • 29° - (6600 - 6400) Z0° x 10Z36 • 87° 
42 • 6 Z - 57 • 42° 

19296Z84 ■ 29° - 2000Z36 ■ 87° 

42 • 6 Z - 57 • 42° 

1920 + yl9200 - 1600 - 7 I 2 OO 320 + y18000 
42 • 6 Z - 57 • 42° “ 42 • 6 Z - 57 • 42° 


18003Z88 ■ 98 
42 • 6Z - 57 • 42° 


= 422.6 Z146.4° 


I 2 = 422.6 A (in magnitude) (Ans.) 


Example 2.60 

A 500 kVA transformer is connected in parallel with a 150 kVA transformer and is supplying a load of 
750 kVA at 0.8pf lagging. Their open circuit voltages are 405 V and 415 V, respectively. Transformer 
A has 1% resistance and 5% reactance and transformer B has 1.5% resistance and 4% reactance. 
Eind (a) cross-current in the secondaries on no-load and (b) the load shared by each transformer. 

Solution: 

It is more convenient to work with ohmic impedances and for that purpose, we will convert percentage 
values into Numerical values by assuming 400 volt as the terminal voltage (i.e., V'j = Vj = 400 V, this 
value is arbitrary but this assumption will not introduce appreciable error). 
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h(fi)R\ 


X 100 = 1 or R, 


where, 


Similarly, 


Vi ^ J_ Vi 

hfi) ^ ^i(/o 


^ ^iXlOOO 500x1000 A 

AcfO “ Vi “ 400 ■ 


Now, for transformers - B, = 


kVA^ X1000 _ 150 X1000 


= 375 A 


y X M^’-= 4) X If“ 

Zi = 0.0032 + j 0.016 = 0.0163 Z78 • 5° 

Z2 = 0.016 + j 0.0427 = 0.0456 Z69 • 46° 

Zi + Z2 = 0.0032+;• 0.016 +0.016+;0.0427 = 0.0192+j0.0587 = 0.0618 Z71 • 88° 

Next step is to calculate load impedance. Let Z^ be the load impedance and V ’2 be the terminal 
voltage which has been assumed as 400 V. 

.-. ( 3-1 X 10“^ = 750Z - 36.87° 

UJ 

X 10“^ 400 X 400 X 10”^ 


X 10~° ^ 400 X 400 X 10~° 

750Z- 36-87° 750Z - 36 • 83 

0 • 214 Z36 • 87° = (0 • 171 + jO ■ 128) £2 


E,-E^ (405 - 415) 

Z^T^- 0 0618Z71.88°-“^^^'^^“^^'^^ 

_ E 1 Z 2 + (£1 - E 2 )Zl 
Z 1 Z 2 + Zl(Zi + Z 2 ) 

405 X 0 • 0456Z69 • 46° + (405 - 415) x 0 • 214 Z36 • 87° 

“ 0 • 0163Z78 • 5° X 0 • 0456Z69 • 46° + 0 • 214Z36 • 87° x 0 • 0618Z71 • 

^ 18 ■ 47Z69 ■ 46° - 2 ■ 14Z36 ■ 87° 

0 • 00074Z147 • 96° + 0 • 01323Z108 • 75° 

6 • 48 + ;17 • 29 - 1 • 712 - jl ■ 284 
“ -0 • 00063 + jO • 0004 - 0 • 00425 + yO • 0125 

4-768 + yi6-01 _ 16-705Z73-4r -r-r -ro * 


4-768 + 716-01 ^ 16 ■ 705Z73 ■ 41° 

-0 • 00488 + jO ■ 0129 0 • 0138Z - 69 • 28° 


= 1210Z-37-3°A 


Load shared by transformer - A 

= 400 X 1210 X 10-3 Z -37.3° = 484Z-37.3° kVA (Ans.) 
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p.f. = cos = cos 37.3° = 0.795 lag. (Ans) 


- (El - E2 )Zl 
Z 1 Z 2 + Zl (Zi Z 2 ) 

415 X 0 • 0163 Z78 • 5° - (405 - 415) x 0 • 214Z36 • 87° 
0 0138Z-69-28° 


1 • 348 + j6 • 629 + 1 • 712 + jl • 284 _ 3 • 0607 + jl ■ 913 
0 • 0138Z - 69 -28° “ 0 • 0138Z - 69 • 28° 


8 ■ 4843Z68 ■ 85° 
0 0138Z-69-28 


615Z-41-87° A 


Load shared by transformers - S, 

S 2 = 400 X 615 X 10-3 Z-42.87° = 246Z- 42.87° kVA (Ans.) 
p.f. = cos ^2 = cos 42.87° = 0.744 lag (Ans.) 


Section Practice Problems 


Numerical Problems 

1 . A load of 1600 kW at 0-8 p.f. is shared by two 1000 kVA transformers having equal turn ratios and connected 
in parallel on their primary and secondary side. The full load resistance drop is 1% and reactive drop is 
6% in one of the transformers, the corresponding values in the other transformer being 1.5% and 5%. 
Calculate the power and power factor at which each transformer is operating. 

(Ans. 700 kW, 0.76 lagging, 900 kW, 0.84 lag.) 

2. Two single-phase transformers supply, in parallel, a secondary load of 1000 A at 0.8 p.f. lagging. For each 

transformer, the secondary emf on open-circuit is 3300 V and the total leakage impedance, in terms of 
the secondary are (0.1 + j 0.2) and (0.05 -r j 0.4) ohm, respectively. Determine the output current for each 
transformer and the ratio of the kW output of the two transformers. (Ans. 652 A; 362 A; 2.4:1) 

3. Two transformers A and B of different ratings but equal voltage ratios share a load of 900 kVAat 0.8 power 
factor lagging at 400 V by operating in parallel. Transformer A has a rating of 600 kVA, resistive drop of 
1% and reactance drop 5%. Transformer 6 has a rating of 300 kVA, resistive drop of 1.5% and reactance 
drop of 4%. Calculate the load shared by each transformer and the power factor at which it is working. 

(Ans. 564 kVA at pf 0.762 lag; 336 kVA at pf 0.856 lag) 


Shor t Answer Type Qu estions 

Q.1. What is the necessity of paraliei operation of transformer? 

Ans. (/) When load on the existing transformer increases beyond its rated capacity. 

(/'/) When the power to be transformed is more than the size of single unit. 

Q.2. What conditions are required to he fuifilied for paraiiei operation of transformers? 

Ans. (/) Both the transformers should have same transformation ratio. 

(/7) Both the transformers should have the same percentage impedance. 

[Hi) In case of one-phase transformers, both the transformers must have same polarity. 
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(/V) In case of 3-phase transformers, both the transformers must have same phase sequence. 

(i/) In case of 3-phse transformers, the winding connections selected must be such that there should 
not be phase difference between the voltages of two transformers. 

2.42 Auto-transformer 

A transformer, in which a part of the winding is common to both the primary and secondary circuits, 
is called an auto-transformer. In a two winding transformer, primary and secondary windings are 
electrically isolated, but in an auto-transformer the two windings are not electrically isolated rather 
a section of the same winding acts as secondary or primary of the transformer. 

Construction 

The core of an auto-transformer may be rectangular [Fig. 2.63(a)] or circular ring-type [see Fig. 
2.64(a)] in shape. A single winding is wound around one or two limbs of the rectangular core as 
shown in Fig. 2.63(b) or it is wound over the ring as shown in Fig. 2.64-(b). Terminal ‘B’ is taken as a 
common point from which one terminal for primary and one terminal of the secondary is taken out. 
The second terminal of the secondary is connected to point ‘C’ which may be fixed or movable as 
shown in Figs. 2.63(b) and 2.64(b). The number of turns between AZ? are taken as Aj and the number 
of turns between BC are taken as N 2 as shown in Figs. 2.63(c) and 2.64(c). Thus, one section of the 
same winding acts as a primary and the other section of the same winding acts as a secondary. 
When the number of secondary turns N 2 is less then the primary turns Aj (i.e., A 2 < Aj) as shown 
in Fig. 2.63(c) and 64(c), the auto-transformer works as step-down transformer, whereas, it works as 
a step-up transformer if number of secondary turns is more than primary turns Aj as shown in 
Figs. 2.63(d) and 2.64(d). 

Rectangular 



(a) Rectangular core 


(b) Single-winding placed on core 


Contd. 
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Contd. 



(c) Circuit of step-down 
auto-transformer 


(d) Circuit of step-up auto-transformer 


(e) Circuit of step-down (1-5 tapings) and 
step-up (6th taping) auto-transformer 


Fig. 2.63 Single-phase rectangular core auto-transformer. 
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The pictorial view of a single-phase auto-transformer used in labs is shown in Figs. 2.64(e and 
f). Here, point C is attached to a movable arm which carries a carbon brush. The brush moves over 
number of turns wound over a circular laminated core and its position determines the output voltage. 


Working 

When AC voltage Vj is applied to winding AB, an exciting current starts flowing through the full 
winding AB if the internal impedance drop is neglected, then the voltage per turn in winding AB is 
Fj/Aj and, therefore, the voltage across BC is A 2 . 

When switch S is closed, a current starts flowing through the load and current f is drawn from 
the source. Neglecting losses. 

Input power = Output power 
or Fj/j cos = F 2/2 cos ^2 



(a) Auto-transformer(core & winding) (b) Auto-transformer transformer with ioad 

Fig. 2.65 Circuit for singie-phase auto-transformer. 


If internal (or leakage) impedance drops and losses are neglected, then 
cos = cos ^2 

Hence Fj/j = F 2/2 


or 


h N, 


...(2.114) 


Here K is less than unity. The expression is identical to a two winding transformer. 

Let at any instant the exciting current flows from A to B and it establishes a working mmf directed 
vertically upward in the core. When switch S is closed, the current in winding BC must flow from 
B to C, in order to create an mmf opposing the exciting or working mmf, as per Lenz’s law. Since 
the working mmf in a transformer remains constant at its no-load value, the primary must draw 
additional current f from the source, in order to neutralise the effect of current Tg^. In winding AB, 
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/j flows from Ato B while in winding BC, /j flows from B to C. Therefore, the current in winding 
BC is /j from C to B and from B to C. Here the current /j is greater than /j (because Vj < ^i) ^^d 
their mmfs. are opposing each other at every instant, therefore. 


4 4- 


mmf of winding AC = /j (A^j - N 2 ) = 

= 4^2 - = (4 - 4) ^2 4^1 = W 

= mmf of winding CB. 

It is, therefore, seen that the transformer action takes place between winding, section AC and 
winding section BC. In other words, the volt-amperes across winding AC are transferred by transformer 
action to the load connected across winding BC. 

Power transformed in H4 = = (V^ - Vj) /j 


[•■■4^1 =4^2] 


Total power to be transferred or input power in VA = Vj/j 

Transformed Power in VA _ (I^i “ I 2 ) 4 _ ^ ^2 _ 

Input power in VA V^I^ V^ 


...(2.115) 


Power transformed = (1 - AT) x Power input 

Out of the input volt-amperes Vj/p only = (Pj - P 2 ) is transformed to the output by 

transformer action. The remaining power in volt-ampere required for the output, are conducted 
directly to the secondary from the primary (due to electrical connection). 

Power conducted in P4 = Total power input in P4 - transformed power in PA 


= Pi4-(Pi-^2)4 = ^24 


Power conducted in PA 
Power Input in PA 

Power conducted = Kx Power input 


-- Transformed power 

Hence, - - - - - 

Input power 

, Conducted power 

and —- - - 

Input power 

Considering eqn. (2.4), 

Transformed power 
Input power 

Inductively transformed power 
Total power 


...(2.116) 


...(2.117) 


...(2.118) 


P, P, - P, 
= i-K= 1-44 = ‘.. ^ 


High voltage - Low voltage 
High voltage 


...(2.119) 
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2.43 Auto-transformer vs Potential Divider 

At first sight, an auto-transformer appears to be similar to a resistance potential divider. But this is 

not so, as described below. 

(i) A resistive potential divider can’t step up the voltage, whereas it is possible in an auto-transformer. 

(ii) The potential divider has more losses and is, therefore, less efficient. 

{Hi) In a potential divider, almost entire power to load flows by conduction, whereas in auto¬ 
transformer, a part of the power is conducted and the rest is transferred to load by transformer 
action. 

(iv) In a potential divider, the input current, must always be more than the output current, this is 
not so in an auto-transformer. If the output voltage in auto-transformer is less than the input 
voltage, the load current is more than the input current. 


2.44 Saving of Copper in an Auto-transformer 

Volume, and hence weight of copper (or aluminium), is proportional to the length and area of 
Z-section of the conductor. The length of conductor is proportional to number of turns whereas area of 
Z-section is proportional to the current flowing through it. Hence the weight of copper is proportional 
to the product of current and number of turns. 

Now, with reference to Fig. 2.66(a), weight of copper required in an auto-transformer. 

Wt^ = weight of Cu in section AC + weight of Cu in section CB 

Wt^a:>f{N^-Nf)-^{l^-f)N^oofN^+l^N^-2fN^ ...(2.120) 



Fig. 2.66 



(b) Ordinary two-winding transformer 

Circuits for comparison 


If an ordinary two winding transformer is to perform the same duty, then with reference to 
Fig. 2.66(h). Total weight of copper required in the ordinary transformer. 

WIq = weight of Cu on its primary ■¥ weight of Cu on its secondary. 
MoOO/jAi+4A2 


...( 2 . 121 ) 
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Now, the ratio of weight of copper in auto-transformer to the weight of copper in an ordinary 
transformer, 

_ I, Ni +4jV, - 21, A^Vi +/2^^2 
Wto I^N.+I^N^ I^N^+I^N^ I.N^+I^N^ 

^ 2I,N^/I,N, _ 

1,NJ I.N.+I^N^/ I,N, 

or Wt^ = (l-K)Wt^ ...(2.122) 

Saving of copper affected by using an auto-transformer 

= wt. of cu required in an ordinary transformer - wt. of copper required in an auto-transformer. 
= Mq - Wt^ = Wt^-{\-K)Wt^ = K>c Wt^ 

Saving = Kx Wt. of copper required for two winding transformer 

Hence, saving in copper increases as the transformation ratio approaches to unity, therefore, auto 
transformers are used when K in nearly equal to unity. 


2.45 Advantages of Auto-transformer over Two-winding Transformer 

1. Quantity of conducting material required is less. The quantity of conducting material required 
for an auto-transformer having same rating as that of an ordinary two winding transformer is 
only (1 - K) times, i.e.. Quantity of conducting material required for auto-transformer = (l-K) 
quantity of conducting material required for an ordinary two winding transformer. Thus, the 
cost of auto-transformer is less as compared to two winding transformer of the same rating. 

2. Quantity of magnetic material required is less. During designing, the window dimensions are 
decided from the consideration of insulation and conductor material. For an auto-transformer, a 
reduction in conductor material means lower window area and, therefore, smaller core length is 
needed. It shows that for the same core area, the weight of auto-transformer core is less. Hence, 
there is further saving in core material. Thus auto-transformer is more economical than a two 
winding transformer when K approaches to unity. 

3. Operate at higher efficiency. Owing to the reduction in conductor and core materials, the ohmic 
losses in conductor and the core loss are lowered. Consequently, an auto-transformer has higher 
efficiency than a two-winding transformer of the same rating. 

4. Operate at better voltage regulation. Reduction in the conductor material means lower value of 
ohmic resistance. A part of the winding being common, leakage flux or the leakage reactance 
is less. In other words, an auto-transformer has lower value of leakage impedance and hence 
auto-transformer has lower value of leakage impedance and has better voltage regulation than 
a two-winding transformer of the same output. 


2.46 Disadvantages of Auto-transformers 

Although auto-transformers have less cost, better regulation and low losses as compared to ordinary 
two winding transformer of same rating. But still they are not widely used due to one major 
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disadvantage that the secondary winding is not insulated from the primary. If an auto transformer 
is used to supply low voltage from a high voltage and there is a break in the secondary winding, full 
primary voltage comes across the secondary terminals which may be dangerous to the operator 
and equipment (load). Therefore, it is advisable not to use an auto transformer for interconnecting 
high voltage and low voltage system. Their use is only limited to the places where slight variation of 
output voltage from the input voltage is required. The other disadvantages are; 

• The effective per-unit impedance of an autotransformer is smaller compared to a two-winding 
transformer. The reduced internal impedance results in a larger short-circuit (fault) current. 

• In an autotransformer there is a loss of isolation between input and output circuits. This is 
particularly important in three-phase transformers where one may wish to use a different 
winding and earthing arrangement on each side of the transformer. 

2.47 Phasor Diagram of an Auto-transformer 

Considering a step-down auto-transformer shown in Fig. 2.67. 



(a) (b) 


Fig. 2.67(a,b) Circuit for auto-transformer 

Let Vj = applied voltage, acting downwards (from A to B) 

= supplied current flows through winding AB (A to B) 

I 2 = load current which also flows through section BC (B to C) 

/2 - /j = resultant current in section BC (B to C) 

(|) = flux produced in the core linking with winding. 

An emf is induced in both the sections of the winding i.e., and which act in opposite 
direction to the applied voltage to balance it. 

The phasor diagram of an auto-transformer is shown in Fig. 2.67(c), where Vj is the voltage applied 
across the load represented by phasor OA. Let the load is inductive, then current drawn by the load 
/j lags behind the voltage phasor Vj by angle (|)2 (where (|)2 = cos^' pf of load). 
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L 



Fig. 2.67(c) Phaser diagram of an auto-transformer 


Current in section BC. 


^BC ■ 


h-h = i2U-r 


= hi^-K) 


2 J 


...(2.123) 


where K is transformation ratio. 

This current is represented by phasor OC. There is a voltage drop in the resistance and reactance 
of the winding section BC. To represent these drops, draw a line parallel to line OC from A and take 
AD = - K) R^. Draw a perpendicular from D on OC so that DE = - K) X^. Triangle ADE 

represents the voltage drop in the impedance of winding section BC. Here, OE represents the emf 
induced in the winding section BC i.e., E^^ 

The induced emf in section CA, 

E^^ = Eg(. phase with (vector OE) 


Draw this vector to the other side i.e., OG = OF, hence OG = -E^^ 

Draw the vector OH = /j = - KI^ by producing line BO to H. Draw impedance drop triangle GJK 
for the section CA, where GJ = /j/?j (parallel to /j) and JK = (perpendicular to /j) 
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Here, phasor OK = i.e., phasor sum of emf OG and impedance drop GK. 

Finally, V. is the phasor sum of V,^ and i.e.. 


y, 


AC ‘ 
^AC ^CB '' 


’ CB ‘ 

VaC-^2 


...(2.124) 


2.48 Equivalent Circuit of an Auto-transformer 

While drawing equivalent circuit of an auto-transformer, it may be considered as a two winding 
transformer. Where one section AC of its winding can be taken as its primary having voltage 
and current f and the other section CB can be taken as its secondary having output voltage V 2 and 
current I 2 -1 y 



Fig. 2.68 Equivalent circuit of an auto-transformer 


Current ratio = 


‘AC 

^BC 




h'h 

1 - /l / 4 


K 


l-K 


Hence, the ratio of currents in sections of winding is 


K 


Ratio of induced emfs = 


■^CB 

"-^AC 


\-K 

_ N2 IN, K 

N,- N 2 I- N 2 I N, l-K 


No 


...(2.125) 


...(2.126) 


The equation (2.125) and (2.126) reveal that the auto-transformer with a turn ratio of K is equivalent 

in its transformation to the ordinary transformer with a ratio of - - — . 

1 — K 

An approximate equivalent circuit of an auto-transformer is shown in Fig. 2.68. 


2.49 Simplified Equivalent Circuit of an Auto-transformer 

An auto-transformer, shown in Fig. 2.69(a), may be considered as a two-winding transformer with 
winding of section AC of (N, - Atj) turns acting as primary and the winding of section BC of N 2 
turns acting as secondary. Thus, an auto-transformer behaves as a two-winding transformer primary 
applied voltage across AC is y^^and primary current is I,. The secondary output voltage is Tj and 
the secondary winding current is {I 2 -1,)■ For given auto-transformer, its equivalent circuit as a two- 
winding transformer is shown in Fig. 2.69(b). 
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Fig. 2.69 Auto-transformer and its equivalent circuit 
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(c) 



Fig. 2.69 Simplified equivalent circuit of an auto-transformer 


The equivalent circuit of an auto-transformer is shown in Fig. 2.69(c) where exciting circuit is 
not considered. If exciting resistance and reactance is considered, then its equivalent circuit will be 
as shown in Fig. 2.69(d). 

In Fig. 2.69(a), if input voltage is applied across BC and the load is connected across AB, then the 
transformer acts as a step-up auto-transformer. 


2.50 Conversion of a Two-winding Transformer to an Auto-transformer 

A conventional two-winding transformer with its polarity markings is shown in Fig. 2.70(a). It can 
be converted to a step-up autotransformer by connecting the two windings electrically in series with 
additive or subtractive polarities. With additive polarity between the high-voltage and low-voltage 
sides, a step-up transformer is obtained. Whereas, with subtractive polarity a step-down transformer 
is obtained. 

Let us consider a conventional 24 kVA, 2500/250 V transformer to be connected in autotransformer 
configuration. 

Additive Polarity 

Figure 2.10(b) shows the series connections of the windings with additive polarity. The circuit is 
redrawn in Fig. 2.70(c) showing common terminal of the autotransformer at the top. Figure 2.10(d) 
shows the same circuit with common terminal at the bottom. Since the polarity is additive, V^y = 
2500-1-250 = 2750 V and V^y = 2500 V, the transformer acts as a step-up autotransformer. 

Subtractive Polarity 

Figure 2.70(e) shows the series connections of the windings with subtractive polarity. The circuit is 
redrawn in Fig. 2.10(f) with common terminal at the top. Figure 2.70(g) shows the same circuit with 
common terminal at the bottom. Since the polarity is subtractive V^y = 2500 V and V^y = 2500 - 250 
= 2250 V, the transformer acts as a step-down autotransformer. 
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Fig. 2.70 Various electrical connections to torm an auto-transtormer. 
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2.51 Comparison of Characteristics of Auto-transformers and 
Two-winding Transformers 

An auto-transformer can be considered as a two-winding transformer with winding AC as primary 
and winding BC as the secondary. Ratings and characteristics of auto-transformers and two-winding 
transformers so obtained, differ as discussed below: 


(t) Ratings. It is seen that winding AC acts as the primary and winding BC as the secondary of a 
two-winding transformer, then considering input side; 


kVA rating as an auto-transformer 
kVA rating as a two-winding transformer 

Primary input voltage V] X Primary input current Ij 
Primary voltage across winding AC X Primary current in winding AC 

= _ 1 _ 1 
(Vi - V2)h l-iV^IV,) 1-K 


Considering output side; 


1 


kVA rating as an auto-transformer 
kVA rating as a two-winding transfer 

1 


V2I2 


V,{l2 - h) 


(1-/1//2) 1 -^: 


...(2.131) 


(ii) Losses. When a two-winding transformer is connected as an auto-transformer, the current in 
different sections and voltages across them remain unchanged. Therefore, losses when working 
as an auto-transformer are the same as the losses in a two-winding transformer. Per unit losses, 
however, differ. 


Per unit full-load losses as auto-transformer 
Per unit full-load losses as two-winding transformer 

_ Full-load losses kVA rating as two-winding transformer 

kVA rating as auto-transformer Full-load losses 

= (!-/;:) ...(2.132) 

(Hi) Impedance drop. When a two-winding transformer is used as an auto-transformer, both LV 
and HV windings are utilised completely. In addition, current and voltage ratings of each 
winding section remain unaltered. Therefore, impedance drop at full load is the same in both 
the transformers. Their per unit values are, however, different. When referred to HV side, per 
unit impedance drop as an auto-transformer is with respect to voltage and for a two-winding 
transformer, it is with respect to (V^ - Vf) = Fj (1 - K). 


Per unit impedance drop as an auto-transformer 
Per unit impedance drop as a two-winding transformer 


AZi / 

fZ, / (Fj - F2) 


^1-^2 


= (l-K) 


When impedance drop is referred to LF side, the winding current is (I^ - /j) as an auto-transformer 
and as a two-winding transformer. 
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Per unit impedance drop as an auto-transformer 
Per unit impedance drop as a two-winding transformer 


(4 - A) Z2 / V2 

I2Z2 / ^2 

~ = (1 - K) ...(2.133) 

^0 


(iv) Voltage regulation. Regulation in transformers is proportional to per unit impedance drop. 


Regulation as an auto-transformer 
Regulation as a two winding transformer 


= ( 1 -^:) 


...(2.134) 


(v) Short-circuit current. Per unit short-circuit current is reciprocal of per unit impedance drop. 


Per unit short-circuit current as an auto-transformer _ 1 

Per unit short-circuit current as two winding transformer \ - K 


...(2.135) 


The value of K used in the above relations, is less than one. In general, for using these relations, 
the value of K for step-down or step-up auto-transformers is K = LV/HV 


2.52 Applications of Auto-transformers 


1 . Single-phase and 3-phase auto-transformers are employed for obtaining variable output voltages 
at the output. When used as variable ratio auto-transformers, these are known by their trade 
names, such as variac, dimmerstat, autostat etc. 



Carbon 

brush 


A variable ratio auto-transformer (or variac) has a toroidal core and toroidal winding. A sliding 
contact with the winding is made by carbon brush, as shown in Fig. 2.71 and Fig. 2.64(f). The 
position of the sliding contact can be varied by a hand-wheel which changes output voltage. 
These are mostly used in laboratories. 

2. Auto-transformers are also used as boosters for raising the voltage in an AC feeder. 

3. As furnace transformers, for getting a convenient supply to suit the furnace winding from 
normal 230 V AC supply 

4. Auto-transformers with a number of tappings are used for starting induction motors and 
synchronous motors. When auto-transformers are used for this purpose, these are known as 
auto-starters. 
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Example 2.61 

Determine the core area, the number of turn, and the position of the tapping point for a 500 kVA, 
50 Hz single phase, 6600/5000 volt auto-transformer, assuming the following approximate values: 
emfper turn 8 volt, maximum flux density 1.3 tesla. 


Solution: 

We know 


E = A.A4fB AN 

'' m i 


— =4.44fB A. 

]\l J m I 

8 = 4.44x50x 1.3 xA. 


° = 0 • 02772 

' 4 • 44 X 50 X 1 • 3 


277.2 cm^ (Ans.) 



Fig. 2.72 Circuit diagram. 


Turns on the primary side, 


Turns on the secondary side N 2 = —^— = 625 

Hence tapping should be 200 turns from high voltage end or 625 turns from the common end as 
shown in Fig. 2.72. 

Example 2.62 

An auto-transformer having 1500 turns is connected across a 500 V AC supply. What secondary 
voltage will be obtained if a tap is taken at 900th turn. 


Solution: 

Supply voltage, = 500 V 

Total turns, = 1500 

Secondary turns, = 900 

w . ^1 500 1 

V„ltagepi,rt«rn=- = —= jV 

Secondary voltage, V, = Voltage per turn x V, = t x 900 = 300 V (Ana.) 


Example 2.63 

An auto-transformer supplies a load of 10 kW at 250 V and at unity power factor. If the primary 
voltage is 500 V, determine. 


(a) transformation ratio (b) secondary current (c) primary current (d) number of turns across 
secondary if total number of turns is 500 (e) power transformed and (f) power conducted directly 
from the supply mains to load. 
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Solution: 

y, 

(a) Transformation ratio, K = ^ 


250 

500 


= 0.5 (Ans.) 


(b) 


Secondary current, = 


kW X 1000 
V 2 cos 0 


10 X1000 

250 X 1 


= 40 A (Ans.) 


(c) Primary current, /j = KI^ = 0.5 x 40 = 20 A (Ans.) 

(d) Turns across secondary, N 2 = KN.^ = 0.5 x 500 = 250 (Ans) 

(e) Power transformed = Load x(I - K)= 10 (1 - 0.5) = 5 kW (Ans.) 

(f) Power conducted directly from supply mains = 10 - 5 = 5 kW (Ans.) 


Example 2.64 

A 400/100 y 5 kVA, two-winding transformer is to be used as an autotransformer to supply power 
at 400 V from 500 V source. Draw the connection diagram and determine the kVA output of the 
autotransformer. 


Solution: 

For a two-winding transformer = kVA x 1000 or f = 

V 2 I 2 = kVA X 1000 or 4 = 

Figure 2.73 shows the use of two-winding transformer 
as an autotransformer to supply power at 400 V from a 
500 V source. 


5 X 1000 
400 

5 X 1000 

100 


= 12-5 A 


= 50 A 


Here 4 = 500 V, Fj = 400 V 
Transformation ratio. 


'i 


V',=500 V 


^ _ ^2 _ 400 _ f. o 


i 

' c> 

I T 


If- I'l 

cx 



= 12.5A 

r 

) - 

cx 

cx 

I 

= 400 V 

I_L 

I 


f =Kx I 2 = 0.8 4 


Current through 400 V winding, 

= 4 - A = 4 - 0 • 8 4 = 0 • 24 

Since the current rating of 400 V winding is 12.5 A 


Fig. 2.73 Circuit diagram 


0-24 = 12.5 or 4 = = 62 • 5 A 


The kVA output of the autotransformer = 


44 _ 400 X 62 ■ 5 


1000 


1000 


= 25 (Ans.) 


Examnle 2.65 

The primary and secondary voltages of an auto-transformer are 250 V and 200 V, respectively. 
Show with the aid of a diagram the current distribution in the windings when the secondary current 
is 100 A and calculate the economy of copper in this particular case (in percentage). 
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Solution: 


Transformation voltage, K = 


= 0-8 


Secondary load current, = 100 A 

Primary current, f = KI^ = 0.8 x 100 = 80 A 
The current distribution is shown in Fig. 2.65 

Economy in copper = /T = 0.8 or 80% (Ans.) 



Fig. 2.74 Circuit diagram 


Example 2.66 

A 12500/2500 V transformer is rated at 100 kVA as a two-winding transformer. If the winding are 
connected in series to form an autotransformer, what will be the possible voltage ratios and output? 
Also calculate the saving in conductor material. 


Solution: 


Rated current for HV winding 


Rated current for LV winding 


100 X1000 

12500 

100 X1000 


= 40A 


It is to be noted that if the windings of the two-winding transformer are connected in series to 
form an autotransformer, the current in the two windings should not exceed their rated values. 

To form an autotransformer, the two-windings may be connected in the following two ways: 

(a) First Configuration 

The winding AC is for 2500 V and winding BC for 12500 V as shown in Fig. 2.75(a) 

Here, = 2500 V, = 12500 V 




2500 H- 12500 = 15000 V 


Vj = Vfic = 12500 V 

Therefore, the voltage ratio for the autotransformer of Fig. 2.75(a) is 


K = — = 12500 = ^ _ Q 333 

Fi 15000 6 1 1 


By KCL at point C 


^AC ^BC ' 


: 40 H- 8 = 48 A 


The current distribution is shown in Fig. 2.75(a). 
kVA rating of 15000/12500 V autotransformer 


Vih 12500 X 48 


: 600 kVA (Ans.) 
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Vih ^ 15000 X 40 

100 1000 


= 600 kVA {Ans) 


Saving in conductor material 


K^= g = 0 • 8333 pu = 83.3 per cent {Ans) 


= 2500 V 


= 12500 V 


L = 40A 


, = 52.17A 


12500 V 


(a) One type of connections 


(b) Other type of connections 


Fig. 2.75 Electric circuit of an auto-transformer with different configurations 
{b) Second Configuration 

Here the winding AC is for 12500 V and BC for 2500 V, as shown in Fig. 2J5{b). Therefore 
12500 V, V^^ = 2500 V 

v' = H- y^p = 12500 H- 2500 = 15000 V 

y^ = = 2500 V 

/ 

^^2 2500 1 ft , 

^ 2=7 = T ^=6 

By KCL at point C, I 2 = = 8 - 1 - 40 = 48 A 

The current distribution is shown in Fig. 2J5{b). 
kVA rating of 15000/2500 V autotransformer 


^2 h ^ 2500 X 48 

1000 1000 

/ / 

Vih ^ 15000 X 8 

1000 1000 


= 120 kVA (Ans) 


120 kVA 


Saving in conductor material = 7112 = ^ = 0'167 pu = 16.7% (Ans.) 
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Example 2.67 

A load of 100 kVA is to be supplied at 500 volt from 2500 V supply mains by an auto-transformer. 
Determine the current and voltage rating for each of the two windings. What would be the kVA 
rating of the transformer if it were used as a two winding transformer. 


Solution: 

Load to be supplied = 100 kVA 
Secondary voltage, Vj = 500 V 
Primary voltage, = 2500 V 

kVA X1000 


Load current, L 


L, 


100 X1000 

500 


: 200 A (Ans) 


Assuming input equal to output (i.e., neglecting losses) 


Input current, f 


kVA X1000 
V'l 


100 X 1000 
2500 


= 40 A (Ans.) 


The voltage across winding BC is 500 volt and current flowing through it is phasor difference 
of currents f and I^. Neglecting no-load current, phasor difference of currents f and is equal to 
numerical difference of two currents f and and therefore current flowing through winding BC is 
200 - 40 = 160 A, refer Fig. 2.3 

Hence voltage rating of winding BC = 500 V (Ans) 

Current rating of winding BC = 200 A (Ans.) 

Although voltage across winding AC is not necessarily in phase with the voltage across CB. However 
the angle between the two voltages is usually so small that the voltages are added numerically. 

Voltage across winding, AC = 2500 - 500 = 2000 V 
Current flowing through the winding AC is f i.e., 40 A 
Hence voltage rating of winding AC = 200 volt (Ans.) 

Current rating of winding AC = 40 A (Ans.) 

The auto-transformer, when connected as two winding transformer; 

The permissible voltage input = 2000 V 
Permissible voltage output = 500 V 

The rating of transformer as a two winding transformer 

_ Permissible voltage output X permissible current output 

" 1000 

= =80kVA(A«..) 


Example 2.68 

An auto-transformer is required to boost the voltage of a 500 kVA line from 3100 volt to 3300 volt. 
Calculate the current in the winding and the kVA rating of the two winding transformer to which 
it would be equivalent. 
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Solution: 


Primary winding voltage = 3100 volt 
Secondary winding voltage = 3300 - 3100 = 200 volt 

The input current = = 161-29 A {Ans) 

and output current = ^^^ 3300 ^^^ “ 151.51 A {Ans.) 

Current in the primary = 161.29 - 151.51 = 9.78 A {Ans) 
and the current in the secondary winding = 151.51 A 
The kVA of the equivalent two winding transformer 


500 1- 


: 30.3 kVA {Ans) 


Example 2.69 


A 25 kVA, 2500/250 V, two-winding transformer is to be used as a step-up autotransformer with 
constant source voltage of 2500 V. At full load of unity power factor, calculate the power output, 
power transformed and power conducted. If the efficiency of the two-winding transformer at 0.8 
power factor is 95 per cent, find the efficiency of the autotransformer. 


Solution: 

Rated current of 2500 V winding, = 10 A 

2500 

Rated current of 250 V winding, 250^^^ " 

With the polarities shown in Fig. 2.76, the output voltage, 

= 2500 + 250 = 2750 V 

By KCL at point C, the input line current, f = 100 + 10 = 110 A. 

The current distribution is shown in Fig. 2.76 
Output current of autotransformer, = 100 A. 

kVA rating of autotransformer = kVA 

Considering input side; 

or kVA rating of autotransformer = = 275 kVA 

Power output at full load, unity power factor 

= kVA cos = 275 X 1 = 275 kVA {Ans) 
Here winding BC acts as the primary and the winding AC as the secondary. 
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A l2=100A 



Fig. 2.76 Circuit diagram. 


kVA transformed 


VAchc _ 250 X 100 


= 25 kVA 


Alternatively 


Also, kVA transformed = = ^^1000^^ ~ kVA 

Power transformed = kVA cos ^ = 25 x 1 = 25 kW (Ans.) 

kVA conduced = = 250 kVA 

kVA conducted = input kVA - transformed kVA 
= 275 - 25 = 250 kVA 


Power conducted = kVA cos (j) = 250 x 1 = 250 kW {Ans) 
Calculation of efficiency 

For two winding transform: Efficiency, 77 = - output - output + losses = 

output + losses 77 


losses = - Ij X output 

Output of two-winding transformer = 250 x 100 x 0.8 = 2000 W 


Losses in a two-winding transformer = K ~ O ^ 2000 = 1052 • 6 W 


Since autotransformer operates at rated voltages and rated currents, losses in autotransformer 


= losses in two-winding transformer 
= 1052.6 W 
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Efficiency of auto-transformer 


^ Output ^ 275 X 1000 X 0 ■ 8 

“ Output + losses 275 X 1000 X 0 • 8 -F 1052 • 6 

= 0.9952 pu = 99.52% {Ans.) 


Example 2.70 

A 200 kVA, 2500/500 V, 50 Hz, two-winding transformer is to be used as an auto-transformer to 
step-up the voltage from 2500 V to 3000 V. If the transformer has an efficiency of 96% at 0.8 pf 
lagging, impedance of 4% and regulation of 3%, determine (i) voltage and current ratings of each 
side (ii) kVA rating (Hi) efficiency at unity power factor (iv) percentage impedance (v) regulation, 
(vi) short-circuit current of each side (vii) kVA transformed and kVA conducted at full load, while 
it is used as an auto-transformer. 

Solution: 

Rated voltage of the auto-transformer on LV side = 2500 V 

Rated voltage of the auto-transformer on HV side = 2500 H- 500 = 3000 (Ans.) 

Rated current of HV winding, = 80 A 

Rated current of LV winding l^y = ^ 

Rated current of HV side of the auto-transformer 

= Rated current 500 V side of the two-winding transformer 
= 400 A (Ans.) 

Applying KCL at point C, input line current, f = 400 H- 80 = 480 A (Ans) 

The current distribution is shown in Fig. 2.77 
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{ii) kVA rating of the auto-transformer = “ 1200 kVA {Ans.) 

T f voltage 2500 r, oo. 

Transformation ratio, K = —r-;- . = = 0 • 833 

HV side voltage 3000 

{Hi) Power output of two-winding transformer at 0.8 pf lagging 

= 200 X 0.8 = 160 kW 

Full-load losses = -output = - 160 = 6 • 667 kW 

Etnciency 0-96 

Since the auto-transformer operates at rated voltages and rated currents, the losses remain 
constant i.e., losses of autotransformer = 6.667 kW 

(iv) Efficiency of auto-transformer for an output of 1200 x 1 kW is 

^ Output -X 100 = X 100 = 99.45% (Ans.) 

' Output -H Losses 1200 -I- 6 • 667 

(v) Percent impedance of two-winding transformer = 4% 

The ohmic drop at full load is the same in both cases. If the impedance drop is referred to 
HV side of the auto-transformer (see Fig. 2.77), the pu (per unit) or percent drop in the auto¬ 
transformer is with respect to while that in the two-winding transformer it is with respect to 

1 ^1-1^2 =1^2(1-^) 

If the impedance drop is referred to LV side of the auto-transformer, then the winding current is 
I^-f=I,{\-K), 

So the impedance drop with respect to is to be reduced by (1 - K) times in the case of an 
auto-transformer. 

Therefore pu or percent impedance drop in an auto-transformer 

= {\ - K) y. pu or percent impedance drop as a two-winding transformer 
= (1 - 0.833) X 4 = 0.667% (Ans.) 

(v) As regulation is proportional to pu or percent impedance drop. 

So regulation as an auto-transformer = (1 - A") x regulation as a two-winding transformer 

= (1 - 0.833) X 3 = 0.5% (Ans.) 

(vi) Short-circuit current as an auto-transformer 


pu impedance of the auto-transformer 


0.00667 


= 150 pu 


So short-circuit current on HV side = = 60 kA {Ans.) 


Short-circuit current on LV side 


150 X 480 


: 72 kA {Ans.) 
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(vO Here winding BC acts as the primary and the winding AC as the secondary 


So kVA transformed = 
kVA conducted = 


80 X 2500 

1000 


400 X 500 

1000 


= 200 kVA {Ans) 


1200 - 200 = 1000 kVA {Ans) 


Example 2.71 

Determine the values of the currents flowing in the various branches of a 3 phase, star connected 
auto-transformer loaded with 400 kW at 0.8 power factor lagging and having a ratio of 440/550 
volt. Neglect voltage drops, magnetising current and all losses in the transformer. 

Solution: 

Primary current 

A 

Secondary line current 

Note: Current in sections RR, YY, B'B= 1^ = 525 A 
and current in section OR, Oy, OB' = /^ - /j = 656 - 525 = 131 A 


kW X 1000 
Vs X X cos (, 

400 X1000 
Vs X 440 X 0 • 8 
kW X 100 


= 656 A 

400 X1000 


Vs X X costj) Vs X 550 x 0 • 8 


:525 A 


All the currents are shown with their directions in the circuit diagram shown in Fig. 2.78. 



Section Practice Problems 


Numerical Problems 

1. An auto-transformer is used to step down from 240 voits to 200 voit. The compiete winding consist of 
438 turns and secondary deiivers a current of 15 ampere. Determine (/) Secondary turns (/7) the primary 
current {Hi) the current in the secondary winding. Negiect the effect of the magnetising current. 

(Ans. 365; 12.5 A; 2.8 A) 
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2. An auto-transformer supplies a load of 3 kW at 115 volt at a power factor of unity. If the primary voltage 

applied is 230 volt. Calculate (/) the power transformed (//') the power conducted directly from the supply 
lines to the load. [knz. 1.5kW, 1.5 kW) 

3. The primary and secondary voltages of an auto-transformer are 440 and 352 volt, respectively. Calculate 

the value of the currents in distribution with the help of the diagram. Calculate the economy of copper in 
this case. (Ans. 4 = 100 A; /, = 80 A; 80%) 

4. An 11000/22000 volt transformer is rated at 100 kVA as a two winding transformer. If the winding are 
connected in series to form an auto-transformer what, will be the voltage ratio and output? 

(Ans. 6:118 kVA) 

5. An autotransformer supplies a load of 5 kW at 110 V at unity power factor. If the applied primary voltage 
is 220 V, calculate the power transferred to the load (a) inductively, {b) conductively. 

(Ans. 2.5kW;2.5kW) 

6 . The primary and secondary voltages of an autotransformer are 500 V and 400 V, respectively. Show 

with the aid of a diagram the current distribution in the windings when the secondary current is 100 A. 
Calculate the economy in the conductor material. (Ans. 50%) 

7. A 2200/220 V transformer is rated at 15 kVA as a two-winding transformer. It is connected as an 
autotransformer with low-voltage winding connected additively in series with high-voltage winding so that 
the output voltage is 2200 V. The autotransformer is excited from a 2420 V source. The autotransformer 
is loaded so that the rated currents of the windings are not exceeded. Find 

(a) the current distribution in the windings, 

{b) /rl//4 output, 

(c) kVA transferred conductively and inductively from input to output, 

(d) saving in conductor material as compared to a two-winding transformer of the same kVA rating. 

(Ans. 65.24, 6.82 A, 75.02 A; 165 kVA; 150 kVA, 15kVA, 15 kVA; 90.9%,) 

8. An 11500/2300 V transformer is rated at 100 kVA as two-winding transformer. If the two windings are 
connected in series to form an auto-transformer what will be the voltage ratio and output? 

(Ans. 0.833; 600 kVA; 0.167; 120 kVA) 

9. An auto-transformer supplies a load of 5 kW at 125 V and at unity power factor. If the primary voltage is 
250 V, determine. 

(a) transformation ratio {b) secondary current (c) primary current (d) number of turns across secondary 
if total number of turns is 250 (e) power transformed and (f) power conducted directly from the supply 
mains to load. (Ans. 0.5; 40 A; 20 A; 125; 2.5 kW; 2.5 kW) 

10. A 25 kVA, 2000/200 V, 2-winding transformer is to be used as a step-up autotransformer with constant 

source voltage of 2000 V. At full load of unity power factor, calculate the power output, power transformed 
and power conducted. If the efficiency of the two-winding transformer at 0.8 power factor is 95 per cent, 
find the efficiency of the autotransformer. (Ans. 275 k\N; 25 k\N; 250 kW; 99.52%o) 

11. A 200 kVA, 2300/460 V, 50 Hz, two-winding transformer is to be used as an auto-transformer to step-up 
the voltage from V to 2760 V. If the transformer has an efficiency of 96% at 0.8 pf lagging, impedance 
of 4% and regulation of 3%, determine (/) voltage and current ratings of each side (//) kVA rating {Hi) 
efficiency at unity power factor (/V) percentage impedance ( 1 /) regulation, ( 1 //) short-circuit current of each 
side (wV) kVA transformed and kVA conducted at full load, while it is used as an auto-transformer. 

(Ans. 86.96 A; 434.8 A; 521.76 A; 1200 kVA; 99.45%, 0.667%; 0.5%; 

65.22 kA; 78.264 kA; 200 kVA; 1000 kVA) 
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Review Questions 

1 . Explain what is a transformerand its necessity in power system? 

2. Explain the working principle of a transformer. 

3. State why the core of a transformer is laminated? 

4. State why silicon steel in selected for the core of a transformer? 

5. Give the constructional details of a core-type transformer. 

6. In a transformer explain how power is transferred from one winding to the other. 

7. Show that (E^Ej) = (Ij/li) = (T^/Tj) in a transformer. 

8. What will you expect if a transformer is connected to a DC supply? 

9. Derive an expression for the emf induced in a transformer winding. Show that the emf induced per turn 
in primary is equal to the emf per turn in secondary. 

10. Explain the behaviour of a transformer on no-load. 

11. Explain that “The main flux in a transformer remains practically invariable under all conditions of load”. 

12. Draw and explain the phasor diagram of a loaded transformer (neglecting voltage drop due to resistance 
and leakage reactance). 

13. Draw the phasor diagram and equivalent circuit of a single-phase transformer. 

14. Draw a neat phasor diagram showing the performance of a transformer on-load. 

15. Draw and explain the phasor diagram of single-phase transformer connected to a lagging p.f. load. 

16. “The overall reactance of transformer decreases with load.” Explain. 

(Hint: L - N ^//; when / increases, L decreases) 

17. What do you mean by voltage regulation of a transformer? 

18. What are the various losses in a transformer? Where do they occur and how do they vary with load? 

19. Define efficiency of a transformer and find the condition for obtaining maximum efficiency. 

20. Write short note on ‘All-day efficiency of a transformer”. 

21. Distinguish between ‘power efficiency’ and ‘all-day efficiency’ of a transformer. 

22. What information can be obtained from the open circuit test of transformer? How can you get these 
informations? 

23. How open circuit and short circuit tests are performed on a single-phase transformer. Draw circuit diagram 
for each test. Also mention uses of these tests. 

24. Define an autotransformer. How does the current flow in different parts of its windings? 

25. Give the constructional features of an auto-transformer. State the applications of autotransformers. 

26. What are the applications of autotransformers? 

27. Derive an expression for the saving of copper in an autotransformer as compared to an equivalent two- 
winding transformer. 

28. Explain the working principle and construction of an auto-transformer. 
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29. Define an auto-transformer. Distinguish cieariy the difference between a resistive potentiai divider and 
an auto-transformer. 

30. What is an auto-transformer? State its merits and demerits over the two winding transformer. 

31. Give the constructionai features of an auto-transformer. 

Draw and expiain the phasor diagram of an auto-transformer on ioad. 

32. What is an autotransformer? State its merits and demerits over the two-winding transformer. Give the 
constructionai features and expiain the working principie of a singie-phase autotransformer. 

33. Derive an expression for saving in conductor materiai in an autotransformer over a two-winding 
transformers of equai rating. State the advantages and disadvantages of autotransformer over two-winding 
transformers. 

34. in an auto transformer how the current fiows in different parts of its windings? Derive an expression for 
the saving of copper in an auto-transformer as compared to an equivaient two winding transformer. 

35. Derive an expression for the approximate reiative weights of conductors materiai in an autotransformer 
and a two-winding transformer, the primary voitage being I/, and the secondary voitage V^. Compare the 
weights of conductor materiai when the transformation ratio is 3. ignore the magnetising current. 

[Ratio = 1 - 2/3] 

36. What are the reasons of higher efficiency of autotransformers as compared to conventionai transformers? 

37. What is meant by the terms transformed voitamperes and conducted voitamperes in an autotransformer? 
Show that two windings connected as an autotransformer wiii have greater VA rating than when connected 
as a two-winding transformer. 

38. Show that in case of an auto-transformer 

Inductiveiy transferred power _ High voitage-iow voitage 
Totai power ^ High voitage 

39. if an autotransformer is made from a two-winding transformer having a turns ratio 

magnetising current as an autotransformer _ n - 1 
magnetising current as a two-winding transformer ^ n 

shortcircuit current as an autotransformer _ n 
short-circuit current as a two-winding transformer n - 1 


^ = /?, show that 
'2 


Multiple Choice Questions 

1. The phase reiationship between the primary and secondary voitages of a transformer is 

(a) 90 degree out of phase (b) in the same phase 

(c) 180 degree out of phase (b) 270 degree out of phase 

2. Transformer core is iaminated 

(a) because it is difficuit to fabricate soiid core 

(b) because iaminated core provides high fiux density 

(c) to reduce eddy current iosses. 

(rf) to avoid hysteresis iosses. 
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3. The induced emf in the transformer secondary wiii depend on 

(a) frequency of the suppiy oniy. 

{b) Number of turns in secondary oniy. 

(c) Frequency and fiux in core. 

{d) Frequency, number of secondary turns and fiux in the core. 

4. A transformer with output of 250 kVA at 3000 V, has 600 turns on its primary and 60 turns on secondary 
winding. What wiii be the transformation ratio of the transformer? 

(a) 10 (b) 0-1 

(c) 100 [d] 0-01 

5. The primary appiied voitage in an ideai transformer on no-ioad is baianced by 

(a) primary induced emf (b) secondary induced emf 

(c) secondary voitage {d) iron and copper iosses 

6 . if is the resistance of primary winding of the transformer and K\s transformer ratio then the equivaient 
primary resistance referred to secondary wiii be 

(a) KR^ (b) KR^ 

(c) K^R^ {d) R^/K^ 

7. The eddy current ioss in the transformer occurs in the 

(a) primary winding (b) core 

(c) secondary winding {d) none of the above. 

8. Which of the foiiowing eiectricai machines has the highest efficiency? 

(a) DC generator (b) AC generator 

(c) transformer {d) induction motor. 


9 . 


if the iron iosses and fuii ioad copper iosses are given then the ioad at which the efficiency of a transformer 
is maximum, is given by 


(a) 


fuii ioad X 


iron ioss 
f.Lcu ioss 


(b) fuii ioad X 


I iron ioss 
]] f.i.cu ioss 


(c) fuii ioad X 


iron ioss T 
f.i. cu. ioss J 


(d) fuii ioad X 


j f.i.cu. loss 
]] iron loss 


10. Kapp-reguiation diagram is used to determine 
(a) iron iosses in a transformer 

(c) Voitage reguiation of a transformer 

11 . in an auto transformer, there are 
(a) aiways two windings 

(c) one winding with taps taken out 


(b) copper iosses in a transformer 
{d) Efficiency of a transformer 

(b) one winding oniy without taps 
{d) two windings put one upon the other. 


12. The marked increase in kVA capacity produced by connecting a 2 winding transformer as an autotransformer 
is due to 

(a) increase in turn ratio 

(b) increase in secondary voitage 

(c) increase in transformer efficiency 

(tf) estabiishment of conductive iink between primary and secondary. 
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13. 


14. 


The kVA rating of an ordinary two-winding transformer is increased when connected as an auto-transformer 
because 

(a) transformation ratio is increased 

{b) secondary voitage is increased 

(c) energy is transferred both inductiveiy and conductivity 

(rf) secondary current is increased 

in an auottransformer a break occurs at the point P. The vaiue of 14 wiii be 


Q 400 V 


6 - 



Fig. for Q.7 

(a) 200 V {b) 100 V 

(c) 50 V {d) 400 V 


15. The saving in Cu achieved by converting a two-winding transformer into an auto-transformer is determined 
by 

(a) voitage transformation ratio (b) ioad on the secondary 

(c) magnetic quaiity of core materiai (b) size of the transformer core. 


Keys to Multiple Choice Questions 


1.C 

2.C 

3.d 

4.b 

5.b 

6.C 

7.C 

8.C 

9.b 

10. c 

11. c 

12.d 

13. c 

14. d 

15. a 









CHAPTER 


Three-Phase Transformers 



Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

Constructional features ot a three-phase transformer. 

V Advantages ot using three-phase trans-tormers. 

V How to determine relative primary and secondary ot a 3-phase transformer? 

^ How to check the polarities ot windings? 

^ How are the windings ot three-phase transformers are connected and what are their relative 
merits and demerits? 

^ What are the advantage ot using zig-zag connection? 

^ What is the necessity ot connecting transformers in parallel? 

^ Which necessary conditions are to be tultilled before connecting three-phase transformers in 
parallel? 

^ How to calculate the load sharing when the transformers are operated in parallel? 

^ What is a three-winding transformer? What is the use ot third winding? 

./ How tertiary winding suppresses harmonic voltages and prevents neutral potential to oscillate 
to undesirable extent? 

^ What are off-load and on-load tap changers? 

^ What are open delta or Vee-Vee connections? 

^ What are Scott connections? 

^ How is load shared in Scott-connected transformers? 

^ Why is cooling ot transformers necessary? 


Introduction 

Three phase system is invariably adopted for generation, transmission and distribution of electrical 
power due to economical reasons. Usually, power is generated at the generating stations at 11 kV 
(or 33 kV), whereas, it is transmitted at 750 kV, 400 kV, 220 kV, 132 kV or 66 kV due to economical 
reasons. At the receiving stations, the voltage level is decreased and power is transmitted through 
shorter distances. While delivering power to the consumers, the voltage level is decreased to as low 
as 400V (line value) for safety reasons. 

Thus to increase the voltage level at the generating stations step-up transformers and to decrease 
the voltage level at the receiving stations, step down transformers are employed. 
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3.1 Merits of Three-phase Transformer over Bank of Three Single¬ 
phase Transformers 

The voltage level in three-phase system at the generating stations and at the receiving stations can 
be changed either by employing a bank of three single-phase transformers (inter connecting them in 
star or delta) or by employing one three phase transformer. Generally, one three phase transformer 
is preferred over a bank of three single phase transformers because of the following reasons. 

(i) It requires smaller quantity of iron and copper. Hence, its cost is nearly 15% lesser than a bank 
of three single phase transformers of equal rating. 

(ii) It has smaller size and can be accommodated in smaller tank and hence needs smaller quantity 
of oil for cooling. 

(Hi) Because of smaller size, it occupies less space; moreover it has less weight. 

(iv) It needs less number of bushings. 

(v) It operates at slightly better efficiency and regulation. 

These transformers suffer from the following disadvantage. 

(i) It is more difficult and costly to repair three-phase transformers. 

(ii) It is difficult to transport single large unit of three-phase transformer than to transport three 
single phase transformers individually. 

The advantages of three-phase transformer (such as lower cost, lower weight, lower space 
requirement etc.) over weighs its disadvantages and hence are invariably employed in the power 
system to step-up or step-down the voltage level. 


3.2 Construction of Three-phase Transformers 

Form construction point of view, three-phase transformers are also classified as 
(i) Core type transformers (ii) Shell type transformers 

Core Type Transformers 

In core type three-phase transformers, the core has three limbs of equal area of cross-section. Three 
limbs are joined by two horizontal (top and bottom) members called yokes. The area of cross- section 
of all the limbs and yokes is the same since at every instant magnitude of flux set-up in each part is 
the same. The core consists of laminations of silicon steel material having oxide film coating on both 
the sides for insulation. The laminations are usually of E and I shape and are staggered alternately 
to decrease reluctance of magnetic path and increase the mechanical strength. 

The complete section of a three-phase core type transformer with its plan is shown in Fig. 3.1. This 
type of transformers is usually wound with circular cylindrical coils. The low voltage* (LV) winding 


When fl/winding is placed nearer the core, less insulation is required between the core and the /.I/winding 
in comparison to that if Wl/winding is placed nearer the core and hence reduces the cost of construction. 
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is wound nearer the core and high voltage (HV) winding is wound over low voltage winding as shown 
in Fig. 3.1. Insulation is always provided between the core and low voltage winding and between low 
voltage winding and high voltage winding. 

L.V. 

winding 

H.V. 
winding 


Bakeiite 

former 


Laminated 
core 

Fig. 3.1 Construction of a three-phase core type transformer 

The core construction for very large capacity three-phase transformers is slightly changed. In this 
case, the core consists of three main limbs on which windings are arranged and two additional limbs 
at the sides without winding are formed as shown in Fig. 3.2. This arrangement allows decreasing 
the height of the yoke and consequently decreases the overall height of the core. However, the length 
increases. This facilitates the transportation of transformers by rail. In this arrangement, the magnetic 
circuits for each phase are virtually independent: 

In either case, the magnetic circuits of the three-phases are somewhat unbalanced, the middle 
phase having less reluctance than the outer two. This causes the magnetising current of middle phase 
slightly less than the outers. But during operation, the magnetising current is so small that it does 
not produce any noticeable effect. 




Fig. 3.2 Core and winding of core-type three-phase transformer 

Shell Type Transformers 

In shell type transformers, the core construction is such that the windings are embedded in the core 
instead of surrounding the iron as shown in Fig. 3.3. The area of cross section of the central limbs 
is double to that of the side limbs and horizontal members. 

The low voltage and high voltage windings of the three-phases are wound on the central limbs. 
These windings are placed vertically in the three portions as shown in Fig. 3.3. The low voltage (LF) 
winding is always placed neater to the core and high voltage (HV) winding is placed over the low 
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voltage winding for economic reasons. To obtain uniform distribution of flux in the core, usually 
second winding placed on the central limh is wound in the reverse direction as shown in Fig. 3.4. 


Note: The detailed construction of core, winding, bushing, etc., has already been dealt with in 
chapter-4. 


Fig. 3.3 Construction of a three-phase 
shell-type transformer 



Fig. 3.4 Construction of a three-phase 
shell-type transformer 


3.3 Determination of Relative Primary and Secondary Windings in 
Case of Three-phase Transformer 

At the place of manufacturing, all the primary and secondary winding terminals are traceable. Otherwise, 
all the primary and secondary winding terminals belonging to each other are to be determined. 

To determine which secondary belongs to which primary, proceed as follows: 

Short circuit all the phases except one primary and a probable secondary. Connect a voltmeter 
across the secondary and circulate a small direct current in the primary. A momentary deflection 
of voltmeter on making and breaking of primary current confirms that the secondary corresponds 
to the primary chosen otherwise check the other secondary. The test is repeated for other windings 
too. For this test, the terminals of all the windings must be open and available for testing. 


3.4 Polarity of Transformer Windings 

In order to connect windings of the same transformer in parallel or series or in star/delta, or to 
interconnect two or more transformers in parallel, or to connect single phase transformers for poly¬ 
phase transformation of voltages, it is necessary to know the polarity of the different winding terminals. 
The polarity of the transformer terminals is usually indicated by means of standard marking scheme 
followed by manufactures - the scheme varies from country to country. 
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Transformer polarity marking designates the relative instantaneous directions of current and 
voltage in the transformer leads. In one system high voltage leads are indicated by letter A (or H) 
and low voltage leads by a (or X), and tertiary, if any by (A) [or T], each with a subscript 1, 2, 3 etc., 
depending upon the number of leads. The A-a scheme is shown in Fig. 3.5 


Note: As per Indian standards based on lEC (International Electro-technical Commission) 
document, in single-phase power transtormers 1.1 is used tor (or H^), 1.2 tor Aj (or Wj). 2.1 
tor (or X^), 2.2 tor aj (or -Vj), 3.1 tor (A^) or K,, etc., the voltage magnitudes in A-a and (A) 
being in decreasing order. 


In Fig. 3.5 the primary winding Aj-A 2 and secondary winding a^-a 2 are wound in the same 
direction, while in Fig. 3.5(A) secondary winding is wound in the direction opposite to Aj-A 2 . 
When the Aj and leads are adjacent, the polarity is said to be subtractive, and when Aj and Oj 
are diametrically opposite to each other, the polarity is designated as additive. It may be noted that 
subtractive polarity reduces voltage stress between adjacent leads. 

The polarity of unmarked transformers can be found out by simple polarity tests which have 
already been dealt with in chapter-1. (Section 1.31). 
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Fig.3.5 Transformer polarity designation 


3.5 Phasor Representation of Alternating Quantities in Three-phase 
Transformer Connections 

Before to study the connections of three-phase transformers, it is necessary to learn the characteristics 
of balanced three-phase systems as well as the conventions followed to designate currents and voltages 
of a three-phase system. If the supply voltage is balanced, the voltages can be represented by a voltage 
triangle shown in Fig. 3.6(a), where A, B, C are the nomenclatures of the three lines of the system 
and N stands for the neutral or star point of the system. A, B, C are the three vertices of the equilateral 
triangle ABC and N is the circum centre of the triangle. The voltages and currents with double 
subscripts notation are represented by phasors. For example, represent voltage of point a with 

respect to point b and current flowing from point a to point b, respectively. With the arrow pointing 
towards A the line represents voltage phasor Thus the line-to-line voltage (also called as line 
voltage) phasor and line-to-neutral voltage (also known as phase voltage) phasors can be drawn from 
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the voltage triangle shown in Fig. 3.6(fl). The phasor diagram is shown in Fig. 3.6(b) where phase 
voltage phasors which are equal in magnitude are displaced from each other by 120°. The line voltage 
phasors are also equal in magnitude and displaced from each other by 120 °, but the magnitude of a 
line voltage phasor is Vs times the magnitude of a phase voltage phasor. Further it may be noted 
that the set of line voltage phasors is displaced from the set of phase voltage phasors by 30°. 



Fig. 3.6 Phasors of a balanced three-phase system 


If the lines carry balanced load then the magnitudes of the line currents Ig and are equal 
and displaced with respect to each other by 120°. They are equally displaced from the corresponding 
phase voltages by an angle cj) as shown in Fig. 3.6(b), the power factor being cos (f). In this case, the 
power factor is lagging as currents lag behind the phase voltages. 

Note: As per Indian Standards Specifications, the terminals of a three-phase transformer are 
marked as U, V, W with numerics 1, 2, 3, etc. 


Important relations in three-phase connected system: 

Star-connections Delta-connections 

£,= .V3£, ...(3.1);4=/^, ...(3.2) £, = £, ...(3.3);/,= .^3 4 , ...(3.4) 

Power, P = .V 3 VJg cos (j> = 3 4 ^ cos cj) .. .(3.5) (both for star and delta) 

In three-phase transformers 

Primary Secondary 



...(3.6) 


...(3.7) 

= 4.44/5^ A, A, 

...(3.8) 

= 4.44/5^ A, A 2 

...(3.9) 

Transformation ratio, K 

^ph2 _ N 2 



^phl 




3.6 Three-phase Transformer Connections 

As mentioned earlier, the standard nomenclature for phases is A, P, C. Capital letters A,B,C are used 
for HV windings, lower case letters a, b, c for LV winding and (A), (B), (C) for a tertiary windings 
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if provided. Neutral terminals precede line terminals. Each winding 
has two ends designated hy the subscript numbers 1, 2. However, 

A 

if there are intermediary tapping (or there are sections of the same ■' 

winding) these are numbered in order of their separation from end 1 , 
as illustrated in Fig. 3.7. ^2 

The interconnection of the phase windings to give a three-phase, ^3 

three-wire or three-phase, four wire supply provides three alternative 
modes of connection (i) delta or mesh (li) star and {Hi) zig-zag. Each of 
these can be achieved in two ways. For Example 3.a star-connection may 82 

be had by joining together Aj, and Cj, to form the neutral and using 83 

Aj, and C 2 as line terminals. Alternatively A^, B^, and Cj may be 84 

joined to give neutral and Aj, B^ and Cj may be used as line terminals. 

Since primary and secondary can be treated in either of these ways, Winding terminais 

at least twelve combinations of connection are possible. All these 

combinations are illustrated in Fig. 3.8. According to the phase displacement which exists between 
the line voltages on the two sides of the transformer these combinations can be arranged in the 
following four main groups: 

Group l:With 0° phase displacement : Connections with symbolic notation YyO, DdO, DzO 

Group 2:With 180° phase displacement : Connections with symbolic notation Yy 6 , Dd 6 , Dz 6 

Group 3:With 30° lag phase displacement: Connections with symbolic notation Dyl, Ydl, Yzl 

Group 4:With 30° lead phase displacement: Connections with symbolic notation Dyll, Ydll, Yzll 

Among the above, the most popular method of connecting transformers is the delta-star connections 
{DyW). The connection diagram illustrates the relative position of the terminals in the terminal box 
and the arrangement of internal connections. The HV winding is connected to a three-wire supply 
having phase sequence A, B,C and at the instant chosen the potential of A is at its maximum positive 
value. Thus the line voltage on the HV side will form an equilateral triangle as illustrated. The line 
terminals are Aj, B^ and Cj and the corners of the triangles are so marked. It is to be noted that the 
phase A of the transformer lies between A j and B^, phase B between B^ and Cj and phase C between 
Cj and Aj owing to internal connections used. 

In case of LV winding, since is in phase with the line na^ is, therefore, drawn parallel 
to BjAj in order to establish the direction of phase-voltages phasor. Similarly nhj and ncj depend 
on CjBj and AjCj and the phasor diagram for LV shows the voltages of the terminals Oj, and Cj 
with respect to n. 

From the phasor diagrams of induced voltages for HV and LV sides it is observed that the voltage of 
the //yiine Aj is at maximum value, theLVline Aj has been advanced by 30°. In fact, the transformer 
connections have produced this displacement of 30° for all lines. 

All the other methods of connections in the same main group no. 4 give a similar 30° advance 
which is the basis of classification. 

In case of group no. I there is no phase displacement, whereas group no. 2 gives phase displacement 
of 180°. In group no. 3, the line voltage of LV winding lags by 30°. 

For parallel operation of transformers the essential requirement is that the transformer connections 
belong to the same main group so that there may not be any phase displacement between the line voltages. 





Fig. 3.8. Contd. 
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Fig. 3.8 Various winding connections of three-phase transformers 
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With three-phase transformers, it is possible to obtain any desired phase shift if the primary and/ 
or secondary windings are divided into a sufficient number of sections. The zig-zag connection 
is one of the example of sectionalised winding. By using these connections, the effect of third 
harmonics in line to neutral voltages and line to line voltages is reduced. In these connections, 
half sections are connected in opposition which gives the larger total fundamental voltage and 
causes the co-phasial third harmonics to cancel. The fundamental line-to-neutral voltage is 0.866 
times the arithmetic sum of the two section voltages (phase voltages in zig-zag, connection being 
composed of two half-voltages with a phase difference of 60°). This causes the reduction in voltage 
and to compensate the same 15 percent more turns are required for a given total voltage per phase. 
Consequently, it necessitates an increase in the frame size over that normally used for the given 
rating. However, the advantages of zig-zag arrangement may offset the cost. The other important 
advantages of zig-zag connections are unbalanced loads on the secondary side are distributed 
better on the primary side. The zig-zag/star connection has been employed where delta connections 
were mechanically weak (on account of large number of turns and small copper sections) in HV 
transformers. These are also preferred for rectifiers. 

3.7 Selection of Transformer Connections 

When a transformer is to be placed in a power system to step-up or step down the voltage, it is 
selected as per its connections which are having some peculiar characteristics as explained below: 

3.7.1 Star-Star (YyO or Yy6) Connections 

The star-star connections of a three-phase transformer are shown in Figs. 3.9.1(fl and b) and 9.2{a 
and b). Their phasor diagrams are also shown in Figs. 3.9.1(c and d) and 3.9.2 (c and d). It may be 
seen that line voltage is V3 times the phase voltage and there is a phase difference of 30° between 
them. In Fig. 3.9.1 the secondary voltage is in phase with the primary, whereas in Fig. 3.9.2 the 
secondary voltage system is 180° out of phase from the primary, the former is designated as YyO 
and the latter is designated as Yy6 for three-phase transformers. 



(a) Primary (b) Secondary 


Fig. 3.9.1. Contd. 
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Fig. 3.9.1. Contd. 
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(c) Phasor diagram 

(d) Phasor diagram 

Fig. 3.9.1 Star-star (YyO) connection and their phasor diagram (0° phase shift) 


(a) Primary 


(b) Secondary 


(c) Phaser diagram 


(d) Phaser diagram 


Fig. 3.9.2 Star-star (Yy6) connection and their phasor diagram (180° phase shift) 
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Star-star connected three-phase transformers are operated with grounded neutrals, i.e., the neutral 
of the primary is connected to the neutral of the power source. If the neutral is kept in isolation, the 
unbalanced load on the secondary will shift the position of neutral which changes the magnitude of 
phase voltages. A grounded neutral in the primary prevents this unsatisfactory operation. 

With an isolated neutral the third-harmonic components in the magnetising currents of the three 
primary windings are in phase and as such they have no path. As the path for third harmonic current 
is absent, the phase voltages become non-sinusoidal though the line voltages are sinusoidal. 



( 60 ”) 

(c) (d) 


Fig. 3.10 Oscillating neutral at ditterent instants 

For illustration, consider that the fundamental phasors for the balanced phase voltages are 
and gjj, each of magnitude gj, while the third harmonic voltage for each phase is At a certain 
time their relative positions are as shown in Fig. 3.10. As the third harmonic phase voltage has the 
frequency different from that of the fundamental (the frequency of third harmonic is thrice the 
fundamental frequency) phase voltage, their relative positions vary with time, that is, position of N' 
changes. This phenomenon is known as oscillating neutral. The maximum voltage at any phase is 
gj -h 63 . Thus harmonic voltage is undesirable as it develops high stress in the insulation of the 
windings. The use of a grounded neutral or a tertiary delta winding will allow a path for the third- 
harmonic current and thus produces a sinusoidal flux and a sinusoidal phase voltage. 

The star-star transformer connections are most economical. These are employed in small current and 
high voltage transformers. The advantages and disadvantages of such an arrangement are given below: 
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Advantages: 

(0 The number of turns per phase and the amount of insulation is minimum because phase voltage 

is only —^ times to that of line voltage. 

V3 

(ii) There is no phase displacement between the primary and secondary voltages. 

{Hi) It is possible to provide a neutral connection since star point is available on both the sides. 

Disadvantages: 

(i) Under unbalanced load conditions on the secondary side, the phase voltages of load side change 
unless the load star point is earthed. This condition is called shifting of neutral. However by 
connecting the primary star point to the star point of the generator the difficulty of shifting 
neutral can be overcome. 

{ii) The primary of the transformer draws a magnetising current which contains third and fifth 
harmonic. If neutral of primary winding is not connected to neutral of generator, the third and 
fifth harmonic currents will distort the core flux and change the wave shape of output voltages. 
However, by connecting primary neutral to the generator neutral, the path for return of these 
third and fifth harmonic currents is provided and, therefore, the trouble of distortion of voltages 
is overcome. 

{in) Even if neutral point of primary is connected to neutral of generator or earthed, still third 
harmonic may exist. This will appear on secondary side. Although the secondary line voltages 
do not contain third harmonic voltage; but the 3rd harmonic voltages are additive in the neutral 
and causes current in the neutral of triple frequency (3rd harmonic) which will cause interference 
to the nearby communication system. 

Note: Star-star connections are rarely used because of the difficulties associated with the exciting 
current although these are more economical. 

3.7.2 Delta-Delta (DdO or Dd6) Connections 

Figure 3.1 l.l(a and b) shows delta-delta connections, designated as DdO of a three-phase transformer. 

Their phasor diagrams are also shown in Fig. 3.11.1(c and d). It may be seen that line voltages and 

phase voltages have the same magnitude but the line currents are V3 times to that of phase currents, 

i.e., ■ 



(a) Primary 


(b) Secondary 


Fig. 3.11.1. Contd. 
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(c) Phaser diagram (d) Phaser diagram 

Fig. 3.11.1 Delta-delta (DdO) connection ot transformer (0° phase shift) 


If the connections of the phase windings are reversed on either side as shown in Fig. 3.11.2(a and 
b) we may have the phase difference of 180° between the primary and secondary systems as shown 
in Fig. 3.11.2(c and d). These connections are designated as Dd6. 


A 



(c) Phaser Diagram (c) Phaser Diagram 

Fig. 3.11.2 Delta-delta (Dd6) connection of transformer and their phasor diagram (180° phase shift) 
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The primary draws the magnetising current of a transformer which contains third harmonic. 
Since the third harmonic components of current of the three phases are displaced from each other 
by 120° X 3 = 360°, they are all in phase and produce circulating current within the primary delta. 
This current produces sinusoidal flux and the secondary voltage becomes sinusoidal. 

These connections are usually employed in power system where large currents on low voltages 
are employed. Moreover, these connections are suitable when continuity of service is required to be 
maintained even though one of the phases develops fault. When operated in this way, the transformer 
delivers three phase currents and voltages in their correct phase relationship but the capacity of the 
transformer is reduced to 57.7% of the normal rating. 


Advantages: 

(i) There is no phase displacement between the primary and secondary voltages. 

(ii) There is no distortion of flux, since the third harmonic component of magnetising current flows 
in the delta-connected primary winding without flowing in the line wires. 

{Hi) For winding, conductors with smaller diameter are required as cross-section of conductor is 


reduced because the phase current is —j= times of line current. 

V3 


(iv) No difficulty is experienced even though the load is unbalanced on the secondary side. 


Disadvantages: 

(i) More insulation is required in comparison to star-star connections since phase voltage in equal 
to line voltage. 

{ii) In these connections, the star point is absent, if one line gets earthed due to fault, maximum 
voltage between windings and core will become full line voltage. 


3.7.3 Star-Delta (Yd 1 or Yd11) Connections 

These connections are shown in Fig. 3.12.1(a, b). By drawing a phasor diagram, it can be seen that 
a 30° phase shift appears in line voltage as well as in system phase voltages between primary and 
secondary side. The third-harmonic currents flow within the mesh to provide a sinusoidal flux, the 
ratio between primary and secondary system voltages is V3 times the phase turns ratio. When 
operated in T-A, the primary neutral is sometimes grounded to connect it to four-wire system. 




Fig. 3.12.1 Phase shift 30° lead 


(b) Secondary 
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Figure 3.12.1 shows phase shift of 30° lag whereas Fig. 3.12.2(a and b) shows phase shift of 30° 
lead. If the transformer is poly-phase and the high voltage side is star connected, the former connection 
is termed as Ydl and the latter Ydll. 


A 



(a) Primary (b) Secondary 

Fig. 3.12.2 Phase shift 30° lag 


Usually, the transformers with these connections are used where the voltage is to be stepped down. 
For example, at the receiving end of a transmission line. In this type of transformer connections, the 

neutral of the primary winding is earthed. In this system line voltage ratio is —^ times of transformer 

V3 

turn-ratio and secondary line voltages have a phase shift of ± 30° with respect to primary line voltages. 
On the HV side of the transformer insulation is stressed only to the extent of 57.7% of the line voltage 
and, therefore, there is some saving in the cost of insulation. 


3.7.4 Delta-Star (Dy1 or Dy11) Connections 

The A-F connections and phasor diagrams of a three-phase transformer supplying a balance load are 
shown in Figs. 3.13.1 and 3.13.2. It may be noted that the secondary system phase voltages i.e., 
etc., lag the primary system phase voltages F^j^etc., by 30°. The ratio of primary to secondary line 
voltages is 1 / V3 times the transformation ratio for the individual phase windings. No difficulty 
arises due to third harmonic currents as a delta connection allows a path for these currents. 



(a) Primary (b) Secondary 

Fig. 3.13.1 Delta-Star connection of transformer (Phase shift 30° lag) 
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(c) Phaser Diagram (d) Phaser Diagram 

Fig. 3.13.2 Delta-star connection of transformer (Phase shift 30° lead) 

The use of such connections permits a grounded neutral on the secondary side to provide a three-phase 
four-wire supply system. By reversing the connections on either side, the secondary system voltage can 
be made to lead the primary system by 30° as shown in Fig. 3.13.2. If the transformer is three-phase 
and the high voltage side is delta connected, the transformer is designated as Dy 1 and the latter Dy 11. 

The transformers with these connections are employed where it is necessary to step up the 
voltage. For example, at the beginning of HV transmission system. These connections are also very 
popular with distribution transformers where voltages are stepped down to 400 V with three-phase, 
four-wire system. 

Advantages: 

(i) On the high voltage side of the transformer, insulation is stressed only to the extent of 57.7% of 
line voltage. 

(ii) In this case, the neutral point is stable and will not “float” when load is unbalanced. 

(Hi) There is no distortion of flux because the primary is delta connected which allows a path for 
the 3rd harmonic currents. 

Disadvantages: 

(i) In this scheme of connection the line voltage ratio is Vs times of transformer turn-ratio. 
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(»■) The secondary line voltages have a phase shift of ± 30° with respect to primary line voltages. 

The neutral of the secondary is grounded to provide three-phase, four-wire system and this scheme 
of connections is widely used in distribution systems because it can be used to serve both the three 
phase power equipment and single phase lighting circuits. In such case the 11 kV/400 V transformer 
connections provide a four-wire secondary, with neutral converted to the 4th wire. The three-phase 
equipment is connected to the line wires to operate at 400 V while the lighting equipment is connected 
between one of the line wires and neutral to operate at 230 volt. 

Note: Star-delta or delta-star connected transformers cannot be operated Is parallel with star- 
star or delta-delta connected transformers even though the voltage ratios are correctly adjusted 
as there will be a 30° phase difference between corresponding voltages on the secondary side. 

3.7.5 Delta-Zigzag Connections 

In this case, the primary is connected in delta and each secondary winding is divided in two halves 
such as - Oj, hj - h 2 > ^3 ~ ^4 ^nd Cj - c^, - c^. The six halves are then connected to form 

a zigzag connection as shown in Figs. 3.14.1 and 3.14.2. Aj, Oj, Oj are of same polarity; similarly, 
hj, and Cp Cj, C 3 are of same polarity respectively. If the voltage of each half of the transformer 
secondary is V 2 , the phase voltage of the secondary system is V 3 V 2 and the voltage is V 3 X V 3 Vj 

= 31^2- If ^ 2 If*® rated current of each secondary winding, the volt-ampere available from the three- 
phase transformer will be 3 V3 V 2 V 1 while the sum of the individual winding capacities is 6 V 2 l 2 - Thus 

only 0.866 of the combined individual capacity is available at the output. 

There is no phase difference between phase voltages of the primary and secondary systems in 
the connection of Fig. 3.14.1(fl) whereas a phase shift of 180° occurs if the secondary is connected as 
shown in Fig. 3.14.2. In poly-phase transformers if the delta is on the high voltage side, which is usually 
the case, the connections of Fig. 3.14.1 are termed as DzO and that of Fig. 3.14.2 are termed as Dz6. 
Delta-zigzag connections are useful for supply of power to rectifiers. 



(b) Secondary 

Fig. 3.14.1 0° Phase shift 
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Fig. 3.14.2 Delta-zigzag connection of transformer 


3.7.6 Star-Zigzag Connection 

In this case, the primary is connected in star and each secondary which is made of two helps of Cj 
- flj, 03 - 04 . b^ - etc. is connected in zig-zag. Zigzag connections have already been explained 
while discussing delta-zigzag connections. In Fig. 3.15.1 the phase voltage of the secondary system 
leads the primary voltage by 30° while in Fig. 3.15.2 they lag by 30°. 



Fig. 3.15.1 Phase shift 30° lead 


If the zigzag is on the low voltage side, which is normally the case, and the transformer is poly¬ 
phase, then the connection of Fig. 3.15.1 is designated as Yzll and that of Fig. 3.15.2 as Yzl. There 
is similar reduction in available capacity as in delta-zigzag connections. 

These zig-zag connections reduce the effect of third-harmonic voltage and at the same time permits 
unbalanced loading even though the primary is star-connected with isolated neutral. 
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Fig. 3.15.2 Phase shift 30° lag 


Example 3.1 

Find the turn-ratio (primary to secondary) of a 11000/400 volt, delta/star connected, three phase 
transformer. 


Solution: 


Primary phase voltage, 
Secondary phase voltage, 

Turn-ratio (primary to secondary), 

No 


= 11000 V 
^L2 _ 400 _ 

s ~ s ~ 

^phi ^ 11000 

EpH2 231 


(delta-connected primary) 
231 V (star-connected secondary) 


= 47.62 (Ans.) 


Example 3.2 

A three-phase 50 Hz transformer core has a cross-section of400 cm^ (gross). If the flux density be 
limited to 1.2 Wb/m^,find the number of turns per phase on high and LV side winding. The voltage 
ratio is 2200/220 V, the HV side being connected in star and LV side in delta. Consider stacking 
factor as 0.9. 


Solution: 


Net iron cross-section, A. 
HV side phase voltag7e, 

No. of turn per phase on HV winding, 


400 X 0.9 = 360 cm^ or 0.036 m^ 

= 1270 • 17 V 

S 

Ephi ^ _ 1270.17 _ 

4 • 44 5^ X A,. X / 4 • 44 X 1 • 2 X 0 • 036 X 50 


= 132 (Ans.) 


LV side phase voltage, = 220 V 
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No. of turn per phase LV winding, N, 


1270•17 


X 132 = 22.86 (Ans) 


Example 3.3 

A 50 Hz, three-phase core type transformer is to be built for an 11 kV /440 V ratio, connected in delta- 
star. The cores are to have a square section and the coils are of circular. Taking an induced emfof 15 V 
per turn and maximum coreflux density of about 1.1 T. Find the primary and secondary number of turns 
and cores cross-sectional area neglecting insulation thickness. 

Solution: 

Here, E, = llkV = 11000 V; E. = 440 V; B = 1.1 T 

1 (L) ’ 2 {L) ’ m 

EME/ turn = 15 V; conwechoni-Delta/Star 


Primary phase voltage, E 


l(ph) - (L) ' 


11000V 


Primary turns/phase, Nj = ^ = 733 • 3 {Ans) 


Secondary phase voltage, £, 


^2 (L) ^ 4 ^ 

s s 


= 254 V 


Secondary turns/phase, = 17 (An^) 

^ 15 

Now, £,(^,, = 444/B„AN, 

11000 = 4.44 X 50 X 1.1 X A X 733.3 
Core-sectional area, A = 0.06143 m^ = 614.3 cm^ {Ans) 

Example 3.4 

A three-phase, 50 Hz transformer of shell type has cross-sectional area of core as 400 cm^. If the 
flux density is limited to 1.2 Tesla, find the number of turns per phase on high voltage and low 
voltage side. The voltage ratio is 11000/400 V, the higher voltage side being connected in star and 
low voltage side in delta. Also determine the transformation ratio. 

Solution: 

Here,/= 50 Hz; A = 400 cm^ = 400 x 10 ^ m^; B = 1.2 T 


^i(L) ~ 11000 V; £ 2 (l) = 400 V; Connections - Star/Delta 


Primary phase voltage. 


^Iph - 


^ 1 ( 2 -) ^ 11000 

V3 V3 


= 6351 V 


=4.44/21 AN, 


Primary turns/phase, IV, = — 


44/21„A 
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Transformation, ratio, 
Secondary turns/phase, 


6351 


4 • 44 X 50 X 1 • 2 X 400 X 10^ 


= 596 {Ans) 


K-. 


"2(ph) 


400 


_ V3X400 _ 

^i(ph) ^ 11000 / V3 ” 11000 

= KN^ = 0-06298 x 596 = 37-54 {Ans) 


0-06298 (Ans) 


Example 3.5 

A three-phase step down transformer is connected to 6600 volt mains and takes a current of 24 
amperes. Calculate the secondary line voltage, line current and output for the following connections 
(i) Delta-delta (ii) Star-star (Hi) Delta-star (iv) Star-delta. The ratio of turns of per phase is 12. 
Neglect losses. 


Solution: 

Ratio of turns per phase = 
Transformation ratio, K = 

(i) Delta-Delta connections: 

In Delta connections, line voltage 
Primary line voltage 
Primary phase voltage 

Secondary phase voltage 

Secondary line voltage 

Line current 

Primary phase current 
Secondary phase current 
Secondary line current 

Output 

(ii) Star-Star Connections'. 

In star connections, line voltage 
Also, line current 


12 

X 

12 


phase voltage. 

6600 
6600 V 
6^ = 550 V 
550 V (Ans) 

X phase current 


S 

^ X 12 

V3 

V3 X ^ X 12 = 288 A (Ans) 

^/3 

V3 ^ ^ fooo^ kVA= 274.36 kVA (Ans) 


X phase voltage 
phase current. 


Primary phase voltage 


6600 

A 
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Secondary phase voltage 

Secondary line voltage 

Primary line current 
Secondary line current 

Output in kVA 

{Hi) Delta-Star Connections’. 

Primary phase voltage 

Secondary phase voltage 
Secondary line voltage 
Primary phase current 

Secondary phase current 
Secondary line current 

Output in kVA 
(iv) Star-Delta connections: 

Primary phase voltage 

Secondary phase voltage 

Secondary line voltage 
Primary line current 
Secondary phase current 
Secondary line current 

Output in kVA 


6600 
V3 X 12 

V3 X ^^00_ ^ y 
V3 X 12 

24 A 


24 xl2 = 288 A (Ans) 


V3 X 550 X 288 

1000 


= 274.36 kVA (Ans) 


6600 volts 
6600 


12 


550 V 


Vs X 550 = 952-63 V (Ans) 
24 

S 

^Xl2 = 116-27 A 

Vs 

116.27 A (Ans) 

Vs X 952 • 6S X 166 • 27 


1000 


= 274-36 kVA (Ans) 


6600 

X = 317-54 V (Ans) 

Vs 12 

317-54 V (Ans) 

primary phase current = 24 A (Ans) 

24 X 12 = 288 A 

Vs X 288 = 498-83 A (An^) 

Vs X 317-54 x 498-83 


1000 


= 274.36 kVA (Ans) 


Example 3.6 

A three-phase, 50 Hz, core type transformer is required to be built for a 10000/500 V ratio, connected in 
star/mesh. The cores are to have a square section and the coils are to be circular. Taking an induced emf 
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of about 15 V per turn and maximum core density of about 1.1 tesla find the cross-sectional dimensions 
of the core and the number of turns per phase. 


Solution: 


Emf per turn =15 


The primary phase voltage, E ,. = volt 

Primary turns, Aij = X -^ = 384 (Ans.) 

■v3 

Secondary turns, = N^x K 


Where K = Transformation ratio = 


io = ^ = 500 ^ yd 
i™ 20 


At = 384 X ^ = 33.1; 34 (Ans.) 

^ 20 

Also from the fundamental equation E ,= 4.44 f.S N .= 4.44 fB A.N , volt 

^ pn ' m. ph m. i pn 


= 15 = 4.44x50x 1.1 xA. 


i 4 • 44 X 50 X M 


: 612 X 10 m^ = 612 cm^ (Ans.) 


Gross-cross-sectional area of the core. 


A -A 

K, 

A^^ = = 680 cm^ (assuming K. to be 0.9) 

Side of square = ^Ja^ = a/680 = 26 cm (Am^.) 

Example 3.7 

A three-phase transformer, rated at 1000 kVA, 11/3.3 kV has its primary star-connected and 
secondary delta connected. The actual resistances per phase of these windings are, primary 0.375 
ohm, secondary 0.095 and the leakage reactances per phase are primary 9.5 ohm, secondary 2 
ohm. Calculate the voltage at normal frequency which must be applied to the primary when the 
secondary terminals are short circuited. Calculate also the power under these conditions. 


Solution: 


Primary phase voltage, = 6352 V 


Transformation ratio, K ■ 


^ph2 _ 3300 


= 0-5195 
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D • f 11 1 ^ W T 1000 X 1000 .n A 

Primary full load current, / ,, = /,, = —-= 52 • 49 A 

^ V3x 11000 

Total resistance referred to primary per phase, 


= 0 • 375 + 


ep 




0 095 
( 0 - 5195)2 


= 0 • 727 ohm 


Total reactance referred to primary per phase. 


= ^. + ^ = 9 • 5 + ■ 




(0-5195)2 


= 16-9 ohm 


Total impedance referred to primary, 


ep 


7(0 - 727)2 . g -^2 ^ pgj. 


Phase voltage applied to primary when the secondary in short circuited, 


V, Z 

lsc{pn) phi ep 

= 52.49 X 16.95 = 889 V 

Voltage applied at the terminals, = Vs = Vs X 889 = 1540 V (Ans.) 
Power input when secondary is short circuited, 

Pe= KhiPep = 3 X (52.49)2x0.727 
= 5964 W = 5.964 kW (Ans) 


Example 3.8 

A 33/66 kV, 5 MVA, three-phase star-connected transformer with short circuited secondary passes 
full-load current with 7% primary potential difference and losses are 30 kW. With full potential 
difference on the primary and the secondary open circuited, the losses are 15 kW. What will be the 
efficiency of the transformer at full-load and 0.8 power factor? 

Solution: 

At short-circuit full-load copper losses, P = 30 kW 
At open-circuit, iron losses, = 15 kW 

Total losses = P. + P = 15 H- 30 = 45 kW = 0.045MW 

I C 

At 0.8 p.f., rated output = 5 x 0.8 = 4 MW 

T- 11 1 j rr- - rated output 

Full-load efficiency, ri = -^-X 100 

rated output H- losses 

^ 4 

4 -r 0 - 045 


X 100 = 98.88% {Ans.) 
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Example 3.9 

A2MVA three-phase, 33/6.6 kV, delta/star transformer has a primary resistance of 8 ohm per phase 
and a secondary resistance of 0.08 ohm per phase. The percentage impedance is 7%. Calculate the 
secondary terminal voltage, regulation and efficiency at full load 0.75 power factor lagging when 
the iron losses are 15 kW. 


Solution: 


Here, transformer rating = 2 MVA = 2 x 10® VA 

Transformation ratio, K = ^ ^ = 0 • 1155 

E„,, 33 


Referring to secondary side. 


Secondary phase current, I = 1,.,= ^ = ]^75 jy 

“ V3 X 6 • 6 X 10^ 

Percent impedance drop = 1% of E 


X 6 ■ 6 X 1000 = 266 • 7 V 

100 V3 


/ Z = 266.7 

ph2 es 


Impedance/phase, Z 


266-7 


1.524 n 


Resistance per phase referred to secondary side. 


= ^2+ ^1 + ^ = 0.08 + 8 X (0.1155)2 


= 0.1867 n 


Reactance/phase, ■ 524f - (0 • 1867)2 

= 1.51 n 


Power factor, cos = 0.75; sin cf)- = sin cos ' 0.75 = 0.6613 


6 • 6 X 1000 


= 3810 V 


Secondary phase voltage after drop in resistance and reactance. 


^ph2 = Ephl - hhlKs COS ^2-^phiKs sin <l>2 

= 3810 - 175 X 0.1867 x 0.75 - 175 x 1.51 x 0.6613 


= 3810 - 24.5- 174.5 = 3611 V 


Secondary terminal voltage, V,^ = Vs X V = V3 X 3611 = 6254 V (Ansi) 
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Voltage regulation, % Reg 


Full-load coper losses, 


xioo 

Ephi 

X 100 = 5.22% {Ans) 

3ol0 

Khi Res = 3 X (175)2x0.1867 
17153 W = 17.153 kW 


Efficiency at full-load, 77: 


MV A X 1000 X cos (j) 

MVA X 1000 X cos 0 -I- F;. -(- 

^ _ 2 X 1000 X 0.75 _ 

2 X 1000 X 0 • 75 -I- 15 -I- 17 • 153 

= 97.9% (Ans.) 


X 100 


X 100 


Example 3.10 

The percentage impedance of a three-phase, 11000/400 V, 500 kVA, 50 Hz transformer is 4.5%. Its 
efficiency at 80% of full-load, unity power factor is 98.8%. Load power factor is now varied while 
the load current and the supply voltage are held constant at their rated values. Determine the load 
power factor at which the secondary terminal voltage is minimum. 

Solution: 

Output at 80% of full load and unity of = 500 x 0.8 x 1.0 = 400 kW 

Input at 80% of full load and unity pf = ^ = = 404 • 8583 kW 

ri 0 ■ 988 

Total losses at 80% of full load = Input - output 

= 404.8583-400 
= 4.8583 kW 

Copper losses at 80% full load = ^ ^383 _ 2 429 kW 

Full load copper losses, P = ^ = 3 • 796 kW 

" (0 • 8)^ 

Percentage resistance = Percentage copper loss of full load output 

= X 100 = 0.7591% 

Percentage impedance = 4.5% (given) 

Percentage reactance = sj(4 ■ 5)^ - (0 • 7591)^ = 4.4355% 

For terminal voltage to be minimum, the drop or percentage regulation will be maximum i.e., 
cos f + sin (j) will be maximum 
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Section Practice Problems 

Numerical Problems 

1. A three-phase 50 Hz transformer of shell type has an Iron cross-section of 400 sq. cm (gross). If the flux 

density be limited by 1.2 tesla, find the number of turns per phase on high and low voltage windings. The 
voltage ratio Is 11000/550, the high voltage winding being connected In star and low voltage winding In 
mesh. (Ans. 670, 58) 

2. A 440 V, three-phase supply Is connected through a transformer of 1: 1 ratio which has Its primary 
connected In Delta and secondary In star to a load consisting of three 11 ohm resistors connected In delta. 
Calculate the currents (/') In the transformer windings (//) In the resistors {Hi) In the line to the supply (/V) 
the load. Find also (v) the power supplied and {vi) power dissipated by each resistor. 

(Ans. 120 A, 120 A, 69.3A, 207.3A, 144 kW, 48 kW) 

3. A120 kVA, 6000/400 V, Y/Y, 3-0, 50 Hz transformer has an Iron loss of 1800 W. The maximum efficiency 

occur at 3/4 full load. Find the efficiency of the transformer at (/') full load and 0.8 power factor and (//') 
the maximum efficiency at unity power factor. (Ans. 95%, 96.15%) 

4. A 100 kVA, three-phase 50 Hz 3300/400 V transformer Is delta-connected on the Wl/side and star- 

connected on Tl/slde. The resistance of the Wl/winding Is 3.5 /3 per phase and that of the /.1/wlndlng 0.02 
n per phase. Calculate the Iron losses of the transformer at normal voltage and frequency If Its full-load 
efficiency be 95.8% at 0.8 pf (lag). (Ans. 1.2 kW) 

Short Answer^Type Questions 

Q.1. What are the advantages of using three-phase transformers over a bank of three one-phase 
transformers? 

Ans. (/) It requires smaller quantity of Iron and copper. Hence, Its cost Is nearly 15% lesser than a bank 
of three single phase transformers of equal rating. 

(/;') It has smaller size and can be accommodated In smaller tank and hence needs smaller quantity 
of oil for cooling. 

(///) It has less weight and occupies less space. 

(/V) It needs less number of bushings. 

(i/) It operates at slightly better efficiency and regulation. 

Q.2. Draw the connection diagram for deita-Y connection. 

Ans. The A-Yconnectlons of a three-phase transformer supplying a balance load are shown in Fig. Q2. In 
these connections, the secondary system phase voltages lag the primary system phase voltages by 
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30°. The ratio of primary to secondary iine voitages is 1 / ^/3 times the transformation ratio for the 
individuai phase windings. No difficuity arises due to third harmonic currents as a deita connection 
aiiows a path for these currents. 



Fig. Q.2 Deita-star connection of transformer (Phase shift 30° iag) 


Q.3. A star/delta transformer has a phase current transformation ratio (star phase: 1 delta phase). Its 
star/delta line current transformation ratio will be given by. 

Ans. In star connections, 4^ = 7^^,^ or = 7^^ 
in deita connections, 7^^ = 'Filph^ or = 

Ratio = ^ = 1 or —= lor^xV3 = lor^ = ^ 

^ph2 Ii2 / ^£2 ^£2 V3 

Q.4. Star-star connected transformers are rarely used, why? 

Ans. (/) Under unbalanced load conditions on the secondary side, the phase voltages of load side change 
unless the load star point is earthed. This condition is called shifting of neutral. 

(/;') The primary of the transformer draws a magnetising current which contains third and fifth harmonic. 
If neutral of primary winding is not connected to neutral of generator, the third and fifth harmonic 
currents which distort the core flux and change the wave shape of output voltages. 

[Hi) Even if neutral point of primary is connected to neutral of generator or earthed, still third harmonic 
may exist. 

Star-star connections are rarely used because of the difficulties associated with the exciting current 
although these are more economical. 



3.8 Parallel Operation of Three-phase Transformers 

When the primaries and secondaries of the two or more transformer are connected separately to the 
same incoming and outgoing lines to share the load, the transformers said to be connected in parallel. 
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Fig. 3.16 Connections for parallel operation of two three-phase transformers 


The two three-phase transformers A and B are placed in parallel as shown in Fig. 3.16. Here the 
primary windings of the two transformers are connected to the supply bus-bars and the secondary 
windings are connected to the load through load bus-bars. Under this conditions 

= Primary applied voltage 

^ 2 L ~^L~ Secondary load voltage. 


3.9 Necessity of Parallel Operation of Three-phase Transformers 

As explained earlier, following are the reasons for which transformers are put in parallel. 

(0 When the load on the transmission lines increases beyond the capacity of the installed 
transformer. To overcome this problem one way is to replace the existing transformer with the 
new one having larger capacity (this is called augmentation of transformer) and the other way 
is to place one more transformer is parallel with the existing one to share the load. The cost of 
replacing the transformer is much more than placing another one in parallel with the existing 
one. 

Hence, it is desirable to place another transformer is parallel when the electrical load on the 
existing transformer increases beyond its rated capacity. 

(ii) Sometimes, the amount of power to be transformed is so high that it is not possible to build a 
single unit of that capacity, then we have to place two or more transformers in parallel. 

Hence, parallel operation of transformers is necessary when the amount of power to be 
transformed is much more than that which can be handled by single unit (transformer). 
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{iii) At the grid sub stations, spare transformers are always necessary to insure the continuity of 
supply in case of breakdown. The size of spare transformer depends upon the size of transformers 
placed at the grid sub-station. Therefore, it is desirable to place transformers of smaller capacity 
in parallel to transform the given load which in turn reduces the size of the spare transformer. 
Hence, it is desirable to do parallel operation of transformers if we want to keep the spare 
transformer of smaller size. 


3.10 Conditions for Parallel Operation of Three-phase Transformers 

The following conditions are to be fulfilled if two or more Three-phase transformers are to be operated 

successfully in parallel to deliver a common load. 

(i) Both the transformers should have same transformation ratio i.e., the voltage ratings of both 
primaries and secondaries must be identical. 

If this condition is not exactly fulfilled i.e., if the two transformers ‘A’ and ‘B’ have slight 
difference in their voltage or transformation ratios, even then parallel operation is possible. 
Since the transformation ratios are unequal, primary applied voltage being equal, the induced 
emfs in the secondary windings will not be equal. Due to this inequality of induced emfs in the 
secondary windings, there will be, even at no-load, some circulating current flowing from one 
secondary winding (having higher induced emf) to the other secondary windings (having lower 
induced emf). In other words, there will be circulating currents between the secondary windings 
and therefore between primary windings also when the secondary terminals are connected in 
parallel. The impedance of transformers is small, so that a small percentage voltage difference 
may be sufficient to circulate a considerable current and cause additional fi R loss. When 
load is applied on the secondary side of such a transformer, the circulating current will tend 
to produce unequal loading conditions. Hence, it may be impossible to take the combined full 
load kVA output from the parallel connected group without one of the transformers becoming 
excessively hot. For satisfactory parallel operation the circulating current should not exceed 
10 % of the normal load current. 

(h) Both the transformers should have the same percentage (or per unit) impedance. 

If this condition is not exactly fulfilled, i.e., the impedance triangles at the rated kVA’s are not 
identical in shape and size, even then parallel operation will be possible, but the power factors 
at which the transformers operate will differ from the power factor of the load. Therefore, in 
this case the transformers will not share the load in proportion to their kVA ratings. 

(Hi) Both three-phase transformers must have the same phase-sequence i.e., the transformers must 
be properly connected with regard to their phase-sequence. 

If this condition is not observed, the secondary of one transformer will act as a load on the other, 
i.e., the secondaries will be under short circuit condition, they will be heated up and damage 
the insulation quickly This condition must be fulfilled by all means. 

(iv) In case of three-phase transformers, the two transformers must have such connections that 
there should not be any phase displacement between the secondary line voltages. 

The primaries and secondaries of three-phase transformers may be connected in different form 
of connections. These connections produce various magnitudes and phase displacements. 
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The magnitudes can be adjusted by changing the tapings but phase displacement cannot be 
compensated. Therefore the following types of connections are permissible for connecting three- 
phase transformers in parallel. 

Transformer-I: Yy Dd Yy Yd Yd 

Transformer-II: Yy Dd Dd Dy Yz 

However, transformers with (a H- 30°) and (-30°) angle can also be connected in parallel but 
only after reversing the connections of either primary or secondary. 


3.11 Load Sharing between Three-phase Transformers Connected 
in Parallel 

The load sharing between two transformers connected in parallel depends upon the various conditions 
as discussed in chapter-2, Art No. 2-41. The only difference is that, in case of three-phase transformers 
per phase impedance is to be considered while determining the load sharing. If percentage impedances 
of the two transformers having different rating are given, their values have to be converted as per 

base kVA for calculating load sharing, i.e., % Resistance or % Reactance at base kVA = . 

^ ^ Rated kVA 

X % R or % X at rated kVA. 

Example 3.11 

Two three-phase transformers each of 100 kVA are connected in parallel. One transformer has (per- 
phase) resistance and reactance ofl% and 4% respectively and the other has (per-phase) resistance 
and reactance of 1.5% and 6% respectively. Calculate the load shared by each transformer and 
their pfwhen the total load to be shared is 120 kVA, 0.8 p.f. lagging. 

Solution: 

Here, Load =120 kVA at p.f. 0.8 lagging 

S = 120 Zcos-^ 0.8 = 120Z - 36 • 87° 

Percentage impedance of transformer-I, 

Zi = (1 h-j4)= 4- 12Z76° 

Percentage impedance of transformer-II, 

Z2 =(1.5H-y6)= 6 18Z76° 

Zi -I- Z2 = (1 H- j4) H- (1.5 H- j6) = (2.5 H- jlO) = 10 • 3Z76° 

- Z 2 - 

Load shared by transformer-I, X S 

Z 1 -VZ 2 
6 - 18Z76° 


10-3Z76' 


X120Z- 36-87' 
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= 72Z - 36 • 87° kVA 

= 57.6 kW at 0.8 p.f. lagging {Ans.) 

Load shared by transformer-II, Si = - xS= X 120Z - 36 • 87° 

Zi + Z 2 10 -3 Z76° 

= 48Z- 36-87°m 

= 38.4 kW at 0.8 p.f. lagging {Ans) 


Example 3.12 

Two 1000 kVA and 500 kVA, three-phase transformers are operating in parallel. The transformation 
ratio is same for both i.e., 6600/400, delta-star. The equivalent secondary impedances of the 
transformers are (0.001 + jO.003) ohm and (0.0028 + j0.005) ohm per phase respectively. Determine 
the load shared and pf of each transformer if the total load supplied by them is 1200 kVA at 0.866 
pf lagging. 


Solution: 

Impedance of 1000 kVA transformer, Zi = (0.001 + j0.003) = 0.003162 Z71.57° ohm 
Impedance of 500 kVA transformer, Z 2 = (0.0028 + y0.005) = 0.00573 Z60.75° ohm 

Zi +Z 2 = (0.001 + 70 . 003 ) + (0.0028 + jO.OOS) = (0.0038 + 7 O.OO 8 ) 
= 0.00886 Z64.59° ohm 

Load supplied, S = 1200 .Z-cos- 0.866 = 1200 .Z30° kVA 


Load shared by 1000 kVA transformer. 


= 5 X 


Z 2 


= 1200Z-30°x 


0 00573Z60-75 


Zi + Z 2 

= 776 Z-33.84° kVA 

= 645 kW at /7/0.83 lagging (Ans.) 


0 00886Z64-59 


Load shared by 500 kVA transformer, 82 = S X 


Zi 


Zi + Z 2 

= 428 Z-23° kVA 


= 1200Z-30°x 


0-003162Z71-57° 
0 00886Z64-59° 


= 394 kW at pf 0.92 lagging (Ans.) 


Examnle 3.13 

Two 400 kVA and 800 kVA transformers are connected in parallel. One of them (400 kVA transformer) 
has 1.5% resistive and 5% reactive drops whereas the other (800 kVA transformer) has 1% resistive 
and 4% reactive drops. The secondary voltage of each transformer is 400 V on load. Determine 
how they will share a load of 600 kVA at a pfofO .8 lagging. 
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Solution: 

Let the base kVA be 800 kVA 

Percentage impedance of 400 kVA transformer at base kVA 

Zi = X (1 • 5 + ;5) = 3 + jlO = 10.44 ^3.3° 
Percentage impedance of 800 kVA transformer at base kVA 

Z 2 = X (1 + ;4) = 1 +jA = 4.123 Z16° 

Zi + Z 2 = (3 + ;10) + (1 + 74) = 4 + jl4 = 14.56 Z74° 

Load to be shared, S = 600 .Z-cos-i 0.8 = 600 ,/-36.87° kVA 

— — Zo 

Load shared by 400 kVA transformer, S\ = S X =— 

Zi + Z3 

= 600Z - 36 • 87° X ^ 55 ^ 74 ! = 169.9 ,zi34.87° 

= 139.4 kW at pf 0.82 lagging {Ans.) 

Load shared by 800 kVA transformer, S 2 = S X — — 

Zi + Z 2 

10 • 44Z73 • 3° 

= 600Z - 36 • 87° X ^4 55^-740 = 430.2 Z-37.57° 

= 340.6 kW at pf 0.792 lagging (Ans.) 

3.12 Three Winding Transformers (Tertiary Winding) 

Transformers usually have third winding in addition to the normal primary and secondary winding 
called tertiary winding, and the transformer in called triple wound or 3-winding transformer. The 
third winding is placed on the core because of any of the following reasons: 

(i) In star-star connected transformers to suppress harmonic voltages, to allow sufficient earth 
fault current to flow for operation of protective devices and to limit voltage unbalancing when 
transformer is supplying an unsymmetrical load. 

(ii) To prevent neutral potential, in star/star connected transformer, from oscillating to undesirable extent. 
(Hi) To supply an additional load at a voltage different from that of the primary and secondary. 

(iv) To supply power to phase compensating devices, such as condensers,* operated at a voltage that 
is different from both primary and secondary voltage. 

(v) To measure voltage of an HV testing transformer. 

* Usually, in all extensive high voltage systems, regulation of voltage at certain points is provided by means of synchronous 
condensers. These condensers are connected to the high voltage system through transformers. From economic 
considerations, the condenser connections are made through a third winding placed in the transformers. 
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Usually, tertiary windings are delta-connected to provide path for zero sequence currents in the 
case of single line or double line to ground faults. This low reactance path reduces voltage unbalancing 
caused by these unbalanced ground faults. 

The tertiary winding is called as an auxiliary winding when it is employed for supplying an 
additional small load at a different voltage. On the other hand, it is also called as stabilising winding 
when it is employed to limit the short-circuit current. 

Operating Principle of 3-winding Transformer 

The operating principle of a 3-winding (or triple wound) transformer is essentially the same as 
that of a two-winding transformer. The primary winding of a three winding transformer acts as the 
magnetising winding, and its current produces the main magnetic flux. The flux links the secondary 
and tertiary windings and induces emfs in them in proportion to their number of turns respectively. 
When loads are connected across the secondary and tertiary windings, currents and f flow in 
them. The ampere-turns are balanced as given below: 

= (-4 N^) + (- 4 ^ 3 ) + 4 Wi .. .(3.11) 

or 4 = 4' 4' 4 (since If = -4 ^ and If = -4 ^) ■ ■ .(3.12) 

Thus in a 3-winding transformer, power is transferred to secondary and tertiary winding 
simultaneously. 

Usually, both secondary and tertiary windings are not fully loaded at the same time, moreover the 
currents If and If will not be in phase at the same instant. Therefore, the primary winding is usually 
designed for a lower load than the sum of the rated powers of the secondary and tertiary windings. 

Construction 

In a three-winding transformer, there are three sets of windings (primary, secondary and tertiary) 
placed on the core. Three winding transformers may be either single three-phase units or three one- 
phase units connected in a three-phase units placed in the same tank or three one-phase separate units 
connected in a three-phase bank. In this transformer, three windings are operated at three different 
voltages termed as high voltage, medium voltage and low voltage windings. 

The two possible winding arrangements starting from core outwards are : (i) LV, MV and HV and 
{ii) MV, LV and HV as shown in Fig. 3.17. 

In two-winding transformers, the kVA ratings of both the primary and the secondary windings 
are the same and same is the rating of transformer but it is not so in case of 3-winding transformers. 
The kVA rating of the 3-winding transformer is considered to be equal to the largest kVA rating of 
any of its windings (i.e., primary winding). 

The rating of tertiary winding depends upon its intended application. If it is provided for supply 
of an additional load, the winding is designed and calculated on the same basis as the primary and 
secondary. When it is employed only for balancing of loads and controlling short-circuit currents, it 
carries current only for short-duration, and its rating depends mainly on its heat-capacity. In practice, 
the x-section of the winding wire is generally determined by the fault conditions irrespective of the fact 
for what application it is going to be used because it carries maximum current during this condition. 
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(a) (b) 

Fig. 3.17 Winding arrangement 


Equivalent Circuit 

The equivalent circuit can be drawn where each winding is represented by its own resistance and leakage 
reactance referred to a common voltage (base voltage). The equivalent circuit is shown in Fig. 3.18, 
neglecting circuit. The resistances and reactances can be converted to per unit values on the basis of an 
assumed common or base kVA. 

Referring to circuit shown in Fig. 3.18, neglecting exciting current 7^, we have /i + /2 + /3 =0. 
The impedances for such an equivalent circuit can be determined from the data of three short- 
circuit tests performed on the transformer. 


R2 Xj 



Short circuit impedance of windings between terminals 1 and 2 with winding 3 open (i.e. impedance 
of equivalent circuit when the terminals of circuit 1 and 2 are short-circuited and the terminals of 
circuit 3 are open). 

Z 12 = Z\ Zi 

Short circuit impedance of windings between terminals 2 and 3 with winding 1 open 
Z 23 = Z 2 + Zi 
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and short circuit impedance of windings between terminals 3 and 1 with winding 2 open, 
Z31 = Z3 + Zi 


All the impedances are referred to a common base. 
Solving the above equations, we get. 



Zi = ^ (Z12 + Z31 - Z23) 

...( 3 . 13 ) 


Z2 = ^ (Z23 + Z12 - Z31) 

...( 3 . 14 ) 

and 

Z3 = ^ (Z31 + Z23 - Z12) 

...( 3 . 15 ) 


The core-loss, exciting or magnetising impedance and turn-ratio can be determined by performing 
open-circuit test on any of the three windings. 


3.12.1 Stabilisation Provided by Tertiary Winding in Star-Star Transformer 

Star-star transformers may comprise of single-phase units, or three-phase shell or five-limb core-type 
units. All these transformer units suffer from the following disadvantages: 

(i) They cannot supply unbalanced loads between line and neutral, i.e., zero sequence loads, (h) 
Their phase voltages may get distorted by third-harmonic emfs. 

The reason is that mmf due to third-harmonic and zero sequence currents have an iron path. 

The zero sequence impedance is so high between primary and secondary windings that it causes 
large voltage unbalancing. This can well be understood from Fig. 3 . 19 (a). The single-phase load or fault 
current tends to induce /j in the corresponding primary winding (phase-A), but in the absence of 
a neutral the current /j has to return through the other two phases B and C. The reactance of these 
windings, which is magnetising reactance here due to absence of their secondary currents, is very high. 



Primary 

Fig. 3.19(a) Distribution of currents in windings due to singie-phase ioad or ground fauit 


The voltages of these phases B and C rise and become nearly equal to the primary line voltage. 
On the other hand, the voltage of the faulty or loaded phase A reduces to a very low value. It develops 
a serious voltage unbalancing. 




Three-Phase Transformers 


261 


By the use of a delta connected tertiary winding, zero sequence currents are provided with low 
reactance paths, this prevents the voltage unbalancing in case of unbalanced loads or ground faults. 
Figure 3.19(6) shows how currents are distributed in the windings of star-star-delta connected 
transformer in case of single-phase loads or faults. It is assumed that each winding has equal turns 
per phase. It is seen that no current has to encounter magnetising impedance magnetically linked 
balancing current paths are available. Thus voltage unbalancing is prevented. 


o 


o 

o 


Primary 


Secondary 



Fig. 3.19(b) Distribution of unbaianced current in winding when a connected tertiary is piaced 


The two disadvantages mentioned above are reduced to some extent in the three-limbs of core type 
transformers, because zero sequence flux is forced out of the core limb to high-reluctance air and 
tank leading to reduction in flux and zero sequence impedance thereby reducing voltage unbalance 
considerably. The third-harmonic flux also has similar high reluctance path and so magnitude of third 
harmonic flux is small. The distortion in voltage wave shape is small and transformer has more or 
less sinusoidal flux and emf when the input voltage is sinusoidal. It is nevertheless usual to provide 
a delta-connected tertiary even to the three-limb core type transformer if the primary and secondary 
are connected star-star. Further the third harmonic fluxes have been found to cause losses in tanks. 

Example 3.14 

The short circuit tests gave the following pu values of a 3-winding transformer. 

Zi 2 = (0.012 + j0.064); Z 23 = (0.025 -t j0.064); Z 31 = (0.016 H- j0.12) 

The open circuit test on the primary gives the following values pu 
To = (0.02-j 0.05) 

The secondary is supplying full rated power at 0.8 pf lagging and tertiary is kept open. 

Find the impedance pu of each winding. 


Z 12 = (0.012 H- j 0.064) 
Z 23 = (0.025 H-y 0.064) 
Z 31 = (0.016 -H j 0.12) 


Solution: 

Flere, 
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Zi = ^(Zii + Z31 - Z23) 

= I [0.012 + j 0.064 + 0.016 + j 0.12 - 0.025 -j 0.064 ] 
= I (0.003 + j 0.12) = (0.0015 +j0.06) (Ans.) 

Z2 = ^(^23 + Z12 - Z31) 

= I [0.025 + j 0.064 + 0.012 + j 0.064 - 0.016 -j 0.12] 
= I (0.021 + j 0.116) = (0.0105 +j0.058) (Ansi) 

Z3 = ^ (Z31 + Z23 - Z12 ) 

= I [0.016 + j 0.12 + 0.025 + j 0.064 - 0.012 -j 0.064] 
= I (0.029 + 7 O.I 2 ) = (0.0145 + j0.06) (Ans.) 


Example 3.15 

An 11 kV/400 V, three-phase, delta/star transformer supplies a load of 100 kW at unity pf between 
line R and neutral. It is also supplying a balanced load of500 kW at 0.8 pf lagging. Determine the 
current magnitude in each primary winding and each input line. State assumptions if any and draw 
the relevant diagram. 


Solution: 


Secondary phase voltage, 
Primary phase voltage, 

Transformation ratio, K 


4TO ^ 231V 

V3 

= 11000 V 


V, 


ph 2 


V. 


phi 


231 

11000 




Fig. 3.20 Circuit diagram 
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Current in red phase of secondary due to single phase load of 100 kW at unity pf. 


100 X1000 


= 433 A 


(in phase with respective phase voltage) 


Current in all phases due to balanced load of 500 kW at 0.8 pf lagging 


500 X1000 
3x231x0-8 


= 902 A 


(lagging behind their respective phase voltages by ^ = cos ' 0.8 = 36.87°) 
Assuming phase voltage on primary as reference phasor, 

Vry = 11000Z0°V ; Vyb = IIOOOZ- 120°V ; Vbr = 11000Z120°V 
Current in primary phase RY due to single phase load of 100 kW unity pf 


= 433 X 


= 9 • 1A in phase with voltage V„ 


Iry(\) = 9.1^° A 

Current in primary phase RY due to three-phase balance load of 500 kW at 0.8 pf lagging. 

4 f( 2 ) = 902 X = 18 • 95 A lagging V^^^by 36.87° 

1ry(2) = 18.95 Z-36.87°A 

Current in phase RY, Iry = 9.1 H- 18.95 ^36.87° 

= 9.1 H- (15.16 -j 11.37) = (24.26 -711.37) 

= 26.8 Z-25.1° A {Ans) 

Current in phase YB, Iyb = 18.95Z-120° - 36.87° = 18.95 Z-156.87° = (-17.43 - 77 . 44 ) A 
= 18.95 .x23.ir A {Ans) 

Current in phase BR, Ibr = 18.95Z120° - 36.87° = 18.95 .^83.13° = (2.67 H- 7 I 8 . 8 I) A 
= 19.=^1.92° (Ans) 

Line current, 1r = Iry - Ibr = (24 • 26 - 7 II • 37) - (2 • 67 -t 7 I 8 • 81) 

= (21.59 -730.18) = 37.1 .=:A54.42°A {Ans.) 

Line current, 1y = Iyb - Iry = (-17.43 - 77 . 44 ) - (24.26 - 711 . 37 ) 

= (-41.69 - 7 I 8 . 8 I) = 45.74 .^4.28“ A {Ans.) 

Line current, 1b = Ibr - Iyb = (2.67 H- 7 I 8 . 8 I) - (-17.43 - 77 . 44 ) 

= (20.1 -H 726 . 25 ) = 33.1.x52.56° {Ans.) 
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Example 3.16 

A 3300/400/110 V star-star-delta transformer takes a magnetising current of 6A and a balanced 
load of 500 kVA at 0.8 pf lagging and 200 kVA at 0.6 pf leading on the tertiary. Determine the 
primary current and its p.f 


Solution: 

Here, 1^^^ = 6 A; Imag = 0 -76 = 6 Z-90° 


Secondary current, 


Transformation ratio. 
Primary phase current. 


^phl ~ ^L2 ~ 


kVA X1000 500 X1000 


K = 


SVl2 

Yjff ^ 400/V3 
Khi 3300 / V3 


V3 X 400 


= 120 A 


‘phi 


''phi 

K1 


_± 

33 


ph2 = ^x 720 = 87 


5 A at 0.8 pf, lagging 


1'^,, = /'^,iZ-cos-'0-8 = 87-5Z- 36-87° 

= (70-752.5) A 

Tertiary winding current (phase value) = = 606 A at 0.6 pf leading 


Transformation ratio for tertiary, Kj. = 


3x no 
no 1 


3300 / V3 10^/3 


Primary phase current due to tertiary, Ij-j = Kj. X /j- ^ = 


1 


X 606 = 35A at 0.6 pf leading 


Total primary current. 


7Vi = I'n 0.6 = 35 Z53.13° = (21 + J28) A 

f = Imag + 7 p/,! + / 


= 0 -76 + 70 - 752.5 + 21 + 728 = 91 -jlQ.S 


= sj(9lf +(30-5)^Z - tan“' = 96Z - 16 • 53° 

= 96 A at pf 0.948 lagging (Ans.) 


Example 3.17 

A star/star/delta connected transformer has secondary load of 40A at 0.8 pf lagging and tertiary 
has load of 3 OA at 0.71 pf lagging. The ratio of turns is 10:2:1 for primary, secondary and tertiary 
respectively. Calculate the primary current and pf. 

Solution: 


Transformation ratio, K = 




2 _ ^ 1 
10 5 


Transformation ratio for tertiary, Kj = 


Nj 


X 

10 
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Primary current due to secondary, = KI^ = ^ X 40 = 8A 

1\ = /'iZcos“‘ 0.8 = 8Z - 36 • 87° 

= 8 (cos 36.87° -j sin 36.87°) 

= (6.4 -j4.8) A 

Primary current due to tertiary, l\j = Kjlj ^ ^ ~ s/3A 

1\t =/'j.j,Z-cos“^ 0.71 
= 1.732 Z^45° 

= 1.732 (cos 45° -j sin 45°) 

= (1.23 - jl.23) A 

(Magnetising current is not given, hence neglected) 
Total primary current, 7i =yl\ l\j. = (6 • 4 - j4 • 8) + (1 • 23 - j\ ■ 23) 

= (7.63 -y6.03) A = ^{1 ■ 63 - y6 • 03) A 
= 7(7-63)2 +(6-03)2Z _ tan|^ 

= 9.73 Z38.32° 

= 9.73 A at pf 0.7846 lagging {Ans) 


3.13 Tap-changers on Transformers 


All the electrical equipments connected at the consumers end are designed to operate satisfactorily at 
a particular voltage level. Therefore, it is essential to supply the electrical energy to the consumers at 
a level which must fall within the prescribed limits. However, in the power system, due to change in 
load (may be seasonal or otherwise), the transformer output voltage on the consumer’s terminal may 
change beyond the permissible limits. This can be controlled by providing tap-changing transformers. 
Taps can be provided either on the primary or on the secondary. 

Secondary output voltage can be regulated by either changing the number of turns in the primary 
or secondary on the basis of following principle. 

Let Vj, Ny and V 2 , N 2 be primary and secondary quantities respectively. If is decreased, the 


y. 

emf per turn on primary = ^ 


increases which increases secondary terminal voltage 


1 J 


^2 = ^ X ^2 
^ N, ^ 


. One the other hand, if Aj is increased keeping Aj constant, the secondary terminal 


voltage (Tj a N^) still increases. 

Thus, secondary terminal voltage can be increased either by decreasing the primary turns or by 
increasing the secondary turns and vice-versa. 
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Choice between Primary and Secondary to provide Taps to Regulate Output 
Terminal Voltage of the Transformer 

While selecting the side to provide taps to regulate secondary output voltage, we always try to maintain 
voltage per turn, as far as possible, constant. If the primary voltage per turn decreases, the core flux 
decreases which results in poor utilisation of core, although it reduces the core losses. On the other 
hand, if the primary voltage per turn increases, the core flux increases which results in magnetic 
saturation of the core. It also increases the core losses. 

In the transformers located at the generating stations, the primary voltage has to be kept constant, 
consequently the taps are provided on the secondary side. However, if transformers are energised 
from a variable source, as at the receiving end of a transmission line (receiving sub-stations), the 
taps are usually provided on the primary side. 

The other factors which may also he taken into consideration are given below: 

(i) Transformers with large turns ratio, are tapped on the HV side since this enables a smoother 
control of the output voltage. If in such transformers, the taps are provided on the LV side, it 
varies the output voltage to a large step which is usually undesirable. 

(ii) Tap-changing gear provided on the HV side are to handle low currents, although more insulation 
has to be provided. 

(Hi) It is difficult to tap the LV winding, since it is placed next to the core. Whereas, the HV winding, 
placed outside the LV winding, is easily accessible and can, therefore, be taped more easily. 


3.14 Types of Tap-changers 

There are two types of tap-changers, called 

(i) No-load (or off-load) tap-changers and 

(ii) On load tap-changers 

The working of these tap-changers is explained below with the help of schematic diagrams. 

3.14.1 No-load (or Off-load) Tap-changer 

These tap-changers are used for seasonal voltage variations. The schematic diagram of a no-load 
tap-changer is shown in Fig. 3.21(fl). A winding is tapped and its leads are connected to six studs 
marked 1 to 6. The studs are stationary and are arranged in a circle. The face plate carrying the 
studs can be mounted any where on the transformer, say on the yoke or on any other convenient 
place (say a separate box). The rotatable arm ‘A’ is attached to a hand wheel which is kept outside 
the tank and can be rotated. 

Sometimes, in case of large transformers, the rotatable arm is rotated with the help of a motor 
(with gear drive) and the controls of the motor are placed on the panel board although hand wheel 
is also provided for manual operation. 

The active number of turns of the winding which remain in the circuit depends upon the position 
of rotating arm. If the winding is tapped at 2% interval, then ‘at various positions of the rotatable 
arm ‘A’, the winding in the circuit will be as under: 
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(0 at studs 1-2: Full winding is in the circuit. 
iii) at studs 2-3: 98% of the winding is in the circuit. 

{Hi) at studs 3-4: 96% of the winding is in the circuit. 

(iv) at studs 4-5: 94% of the winding is in the circuit and 

(v) at studs 5-6: 92% of the winding is in the circuit. 



A stopper S is placed in between the stud 1 and 6. It fixes the final position of the arm ‘A’ at stud 
5-6. Moreover, it prevents the clockwise rotation of the arm ‘A’ from stud-1. It prevents the connections 
of stud 1 and 6 through arm A’. If stud 1 and 6 are connected then only the lower part of the winding 
is cut out of circuit which is undesirable from mechanical-stress considerations. 

In this case, the tap-changing is carried out only after the transformer is disconnected from the 
supply. For instance, let the arm A’ is at stub 1 and 2 and the whole winding is in the circuit. Now, if 
we want to reduce the winding to 96%, we have to rotate the arm in anticlockwise direction to bridge 
stud 3 and 4 through arm A’. While doing so, the transformer is disconnected from the supply, arm 
is rotated to the desired position and then the transformer is energised. 

This tap-changer is never operated on load. If it would be operated on load, there would be heavy 
sparking at the studs when arm A’ is separated from them. It may damage the tap-changer and the 
transformer winding. 

3.14.2 On-load Tap-changer 

This tap-changer is used for daily or short period voltage regulations. The output voltage can be 
regulated with the help of this tap-changer without any supply interruptions. During the operation 
of an on-load tap-changer the following points must be kept in mind; 

(i) Never open the main circuit during the operation of tap-changer otherwise dangerous sparking 
will occur, and 

(ii) No part of the tapped winding should get short circuited. 

One form of an on-load tap-changer provided with a centre-tapped reactor is shown in Fig. 3.21(h). 
The function of the reactor is to prevent the short-circuiting of the tapped winding. The switches 1, 
2, 3, 4 and 5 are connected to the correspondingly marked taps. 
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During normal operation switch S is closed [see Fig. 3.21(6)], switches 2,3,4 and 5 are opened and 
switch 1 is closed. The entire winding is in the circuit. The two halves of the reactor carry half of the 
total current in opposite directions. Since the whole reactor is wound in the same direction, the mmf 
produced by the two halves is opposite to each other. Since these mmfs are equal, therefore, the net 
mmf is practically zero. Hence, the reactor is almost non-inductive and the impedance offered by it 
is very small, consequently, the voltage drop in the centre-tapped reactor is negligible. 



When a change in voltage is required, the following sequence of operations is adopted. 

(i) Open the switch S: By opening this switch, total current flows through the upper half of the 
reactor and there is more voltage drop. Since reactor is to carry full load current momentarily, 
the reactor must be designed accordingly. 

(ii) Close the switch 2: When switch 2 is closed, the winding between taps 1 and 2 is connected 
across the reactor. Since the impedance offered by the reactor is high for a current flowing in 
only one direction, the local circulating current flowing through the reactor and tapped winding 
is quite small. 

Thus, reactor prevents the tapped winding from getting short circuited. The terminal voltage 
at this instant is mid-way between the potentials of tappings 1 and 2. 

{Hi) Open the switch /: The entire current now flows through the lower half of the reactor which 
causes more voltage drop. 

(iv) Close the switch S: By closing the switch, current is divided equally in the upper and lower part 
of the reactor which causes almost negligible voltage drop. 

The same sequence of operations is repeated if the tapping is to be changed from stud 2 to 3. 


Section Practice Problems 


Numerical Problems 

1. Two transformers are connected in open delta and deliver a balanced three phase load of 250 kW at 440 
volt and a power factor 0.8. Calculate. 
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(a) Secondary line current. 

{b) kVA load on each transformer 

(c) The power delivered by each transformer 

{d) If the third transformer having the same rating as each of the other two is added to form a A-bank, 
what total load can be handled. (Ans. 410 A; 180.4 kVA; 179 kW, 71 kW; 541.2 kVA) 

2. A 500 kW load is to be supplied at 2300 V by two transformers connected in open delta. The p.f. of the 
load is 0.86. Calculate the current and kVA rating required by each of the transformers. What kVA load 
could be carried at some time in future if third transformer would be added to give delta connection. 

(Ans. 146 A; 865.5 kW: 1006.8 kVA) 

3. The short-circuit tests gave the following pu values of a 3-winding transformer = (0-01 + /0.06); Zgj = 
( 0.02 + /0.06) and Z 31 = (0.016+ / 0 . 1 ) 

The open-circuit test on the primary side gave the following values per unit Vj, = (0.02-/0.05) 

The secondary is supplying full rating at 0.8 pf lagging and tertiary open. 

Find the impedance of each winding. (Ans. 0.003 -r /0.05; 0.007 + /0.01; 0.013 + /0.05) 

4. A 3300/400/110 V star-star-delta transformer take a magnetising current of 6 A and a balanced three-phase 

load of 750 kVA at pf 0.8 lagging and 200 kVA at 0.6 p/leading on the tertiary. Determine the primary 
current and its pf. (Ans. 138.8 A at 0.913 pf lagging) 

Shor t Answer Type Que stions 

Q.1. What is the necessity of paraliel operation of three-phase transformers? 

Ans. (/) It is desirable to place another transformer is parallel when the electrical load on the existing 
transformer increases beyond its rated capacity. 

(/;') Parallel operation of transformers is necessary when the amount of power to be transformed is 
much more than that which can be handled by single unit (transformer). 

(///) It is desirable to do parallel operation of transformers if we want to keep the spare transformer of 
smaller size. 

Q.2. What do you expect if star-delta transformer is connected in parallel with a star-star transformer? 

Ans. The phasor displacement cannot be compensated and the transformers will come under direct short 
circuit condition. 

Q.3. Why a tertiary winding is also called as auxiliary winding and stabilising winding? 

Ans. The tertiary winding is called as an auxiliary winding when it is employed for supplying an additional 
small load at a different voltage. On the other hand, it is also called as stabilising winding when it is 
employed to limit the short-circuit current. 

Q.4. What are on-load tap changing transformers? 

Ans. No-load (or off-load) top-changer. These tap-changers are used for seasonal voltage variations. The 
schematic diagram of a no-load tap-changer is shown in Fig. Q.7). A winding is tapped and its leads 
are connected to six studs marked 1 to 6 . The studs are stationary and are arranged in a circle. The 
face plate carrying the studs can be mounted anywhere on the transformer, say on the yoke or on any 
other convenient place (say a separate box). The rotatable arm ‘A' is attached to a hand wheel which 
is kept outside the tank and can be rotated. 

By changing the position of arm ‘A’, tapings can be changed or the voltage can be changed. 
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Q.5. Give limitations of on load tap changing transformer. 

Ans. No-load tap changes is never operated on load. If it would be operated on load, there would be heavy 
sparking at the studs when arm ‘A’ is separated from them. It may damage the tap-changer and the 
transformer winding. 


3.15 Transformation of Three-phase Power with Two Single-phase 
Transformers 

Three-phase power can be transformed by means of only two single phase transformers or by 
means of only two windings placed on primary and secondary of a three-phase transformer. This 
can be done by two methods, namely (/) Open-delta connection method and (ii) T-connection 
method. Both of these methods result in slightly unbalanced output voltage under load because of 
the unsymmetrical relations. However, this problem is not considered to be a serious problem in 
commercial transformers. 


3.16 Open-Delta or V-V Connections 

The delta-delta connections of three transformers for a three-phase system are shown in Fig. 3.22(fl). 
Let us suppose that in one of the transformers, a fault develops due to which it is removed. If the 
primaries are connected to three-phase supply as shown in Fig. 3.22(b) then three equal three-phase 
voltages will be available at the secondary terminals at no-load. This method of transforming three- 
phase power by means of only two one-phase transformers is called open delta or Vee-Vee connections. 

The basis of operation of open-delta connections is because of the fact that the vector sum of any 
two of the line voltages in a balanced three-phase system is equal to the third line voltage. Thus even 
though one of the transformer has been removed, the voltage between the terminals of the secondary 
to which load has been connected remains unchanged. The following are the points which favour 
the use of open-delta or vee-vee connections. 



Three-Phase Transformers 


271 




Secondaries 



Primaries 


(b) Open-A Connection 

Fig. 3.22 A-A and open A connections 


(0 When the three phase load is comparatively small, so that the installation does not warrant a 
three phase transformer hank. 

iii) When one of the transformers in a A-A bank fails, so that the service may be continued until 
the faulty transformer is repaired or good one is substituted. 

{Hi) In a new installation advantage is taken of the open-delta or connections by installing initially 
only two transformers of the capacity to meet the present maximum demand. When the load on 
the system increases to the expected full load, a third transformer is added to close the delta. 

Hence open-delta or Vee-connections are used when it is anticipated that in future load will 
increase necessitating the closing of the open-delta at some later stage. 

The phasor diagram of an open delta or connections is shown in Fig. 3.23. 

It is important to note that the total load that can be handled by V-V connections is not two-third 
of the capacity of a delta-delta bank but is only 57.7% of it. Mathematically, it is proved as below: 

Power in delta arrangement = \/3V^ cos 0 

= V3 V3 / cos 0 
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4= V3/ 

= 3 / cos 0 


where is the line or phase voltage and cos 0 is the p.f. 

Power in V-V connections = Vs / cos 0 


Power in V-V connection or open delta 
Power in closed delta 


I cos 0 
3 I cos 0 


-L = 0-577 = 57-7% ...(3.16) 



Fig. 3.23 Phaser diagram for open delta connection 


Note: It is assumed that the power factor in both the systems is same but in actual practice the 
power factor in the l/-l/connections is lesser than the actual power factor of the load. 

The two transformers constitute 66.6 per cent of the installed capacity of the three, but they are 
able to deliver only 57.7% of the three in open delta connections. For example, if the three transformers, 
each having rating of 33.33 kVA are connected to form closed delta bank, the rating of the bank 
would be 100 kVA. But if one of these transformers is removed, the rating of the resulting open A 
bank is not 66.67 kVA, but it will be only 57.7 kVA. The total load that can be carried by an open 
delta transformer bank is not two-thirds of the capacity of a A-A bank, but it is only 57.7 percent of 

( 66 6V 5V V \ 

——- X 100 from its normal rating or in other words 
66-67 / ® 

to obtain two-thirds of the output of the original closed A, each transformer in the open delta must 
have a rating of ^ or 115% of the original rating. The reduction in rating is caused because of 
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the average power factor at which the transformers operate which is less than that of actual power 
factor of the load. This average power factor is the ratio of (or 86.6%) and is always equal 

to 86.6% of the balanced load power factor. In other words, we can say that this is the power factor 
at which the two transformers operate when the load is of unity p.f. 

If the transformer of Z?-phase is removed from the bank on each primary and secondary as shown in 
Fig. 3.24(a) the same line voltages and will appear in the systems as = - 

(V ^ + V^f). Obviously the same secondary phase voltages V^^etc., will appear and there is no difficulty 
in supplying three-phase load. The balanced three-phase currents /^, /^, are supplied to the load at 
a power factor of cos cj) lag [Fig. 3.24(6)]. The currents in the secondary windings are = 

On the primary side the line currents and winding currents are related as /^ = -and 
I^=- (/g H- 1^). It may be seen that one of the windings operates at a power factor of cos (30° H- 0) 
and the other at cos (30° - 9). 



(a) Open delta connections 



Fig. 3.24 Open-delta connections and phasor diagram 


The performance of two transformer connected in open delta will change as per the load p.f. as 
mentioned below: 
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(i) When the load p.f. is unity, the transformers operate at the same p.f. 

P.f. of Transformer I = cos (30° - 0) = cos 30° = 0.866 
P.f. of Transformer II = cos (30° + 0) = cos 30° = 0.866 
cos (j> = \ 

(j> = 0 

(ii) When the load power factor is 0.866, one transformer will operate at unity p.f. while the p.f. 
of the other will be 0.5. 

p.f. of transformer I = cos (30° - 30°) where cj) = cos^^ 0.866 = 30° 

= cos 0° = unity 

p.f. of transformer II = cos (30° + 30°) = cos 60° = 0.5 

(iii) When the load p.f. is 0.5, one transformer will operate at zero p.f. and delivers, no power, while 
the other, operating at a p.f of 0.866, will take up the entire load. 

p.f of transformer I = cos (30° - 60) 
cos-' 0.5 = 60° 

= cos 30° = 0.866 

p.f of II = cos (30° + 60°) = cos 90° = 0 

Note: Hence it shows that except for a balanced unity p.f load, the two transformers in an open 
delta or l/-l/-bank operate at different power factors. 


The power delivered by transformer I, P^ = 
and power delivered by transformer II, = 


VI 

Togo 

VI 

1000 


X cos (30 - 0) 
X cos (30 + 0) 


...(3.17) 

...(3.18) 


Where V and I are respectively the voltage of, and current in, the individual transformers, both 
on the same side i.e., primary or secondary. 

A significant point in this connection is that the secondary terminal voltages tend to become 
unbalanced to a greater extent as the load is increased, this happens even when the load is perfectly 
balanced. This situation does not exist when the load is supplied by a bank of three transformers. 

If the Vee-Vee connections are required to supply the same load on the three phase delta, it will 
be overloaded and winding may be damaged. 


3.17 Comparison of Delta and Open Delta Connections 

(i) When similar transformers are used, the voltages given by the delta and Vee connections are 
the same and their outputs are proportional to their line currents. 

(ii) In balanced delta connection the line current is V3 of the phase current whereas in Vee- 
connection the line current is the same as the phase current. 
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{iii) With non-inductive balanced load, each transformer of the delta connection carries one-third 
of the total load at unity power factor. Under the same conditions each transformer of Vee- 
connection carries one half of the load at a p.f. 0.866. 

(iv) The ratio of the power in Vee-Vee to Power in delta connection is 0.577. 


3.18 T-T Connections or Scott Connections 

The other method of transformation of three-phase power from one circuit to another by using two 
transformers is T-T connections These connections were proposed by C.F. Scott therefore, these are 
frequently called as Scott connections. This scheme of connections is also used for three-phase to 
two-phase, and vice-versa transformation. 

In this arrangement, two transformers are used. One of them must have at least two primary and 
two secondary coils so that a centre tap may be brought out from each side (or the transformer should 
have centre-tap primary and centre-tap secondary). This transformer is called main transformer. The 
other transformer must have primary and secondary windings having number of turns 0.866 times 
of the respective turns on the main transformer. This transformer is called teaser transformer. The 
current ratings of the two transformers should be the same. The connections are shown in Fig. 3.25(fl). 
It may be noted that one end of both the primary and secondary of the teaser transformer are connected 
to the centre taps on both primary and secondary of the main transformers respectively whereas, 
the two ends of main transformer (A and B) and 86.6% tapping point (C) on teaser transformer are 
connected to the three-phase supply on the primary side. 

The two ends (a and b) of the secondary of main transformer and 86.6% tapping point (c) of 
secondary of teaser transformer are taken to connect the load, as shown in Fig. 3.25(a). 



Fig. 3.25(a) Scott connections 
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Fig. 3.25(b) Phasor diagram of T-T connected transformer 

Since primary and secondary of teaser transformer are connected to the centre tap of the primary 
and secondary of the main transformer respectively giving a shape of English letter ‘7”, as shown in 
Fig. 3.26 {a and b) the connections are known as T-T connections. 

Let and he the applied voltages across the line terminals, then 

^Cfl = ^CA + ^AZ,= ^^20°+ i 

= y (- 0.5 + j 0.866) + 0.5 V = j 0.866 V = 0.8666 V .=^^90° .. .(3.19) 

The above expression shows that voltage applied across the teaser is 0.866 times of that applied 
across the main and has a phase difference of 90°. If both the primary and secondary of the teaser 
transformer have 0.866 times of the respective turns on the main transformer, then the induced voltages 
in the secondary circuit will have same phase and magnitude relationship as that of applied voltages 
on the primary. Thus, the voltage induced in the teaser will be 0.866 times to that of induced voltage 
in the main transformer and has a phase difference of 90°. Consequently, a balanced 3-(j) system of 
voltages across points a, b and c will be available. 

If y is the applied voltage which is also equal to the line voltage (y^) and I is current rating of the 
winding, which is also the line current (/^), the combined volt-ampere rating of the two transformers 
is VI -H 0.866 VI i.e., 1.866 VI. The volt-amperes supplied are V3 VI , therefore, utility factor is 

/1.866 i.e., 0.928. Thus the T-T connections are more economical than open A connections which are 
having utility factor of 0.866. The two identical transformers with centre-tap and 86.6 tap may be 
used. This will provide interchangeability, but 13.14% of winding of teaser will remain idle. With 
identical transformers, the total volt-ampere capacity of the two transformers is 2y/ and the utility 
factor is 0.866, the same as in case of open A system. This implies, therefore, that each transformer 
in a T-T connection must have a rating 15% greater than each of the transformers employed in a three 
transformer bank. 



Three-phase supply 
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terminals 



Three-phase load 
terminals 
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ra 

o 

U) 


For any balanced load of power factor cos ^ (lag), one of the two halves of the main transformer 
operates at a pf of cos (30° -i- and the other at cos (30° - ^). This is similar to the condition as in 
open A. Mainly because of this (i.e., different loading effects) the voltages on the secondary side tend 
to become unbalanced to a greater extent with the increase in load. 

It may be noted that this arrangement provides the three-phase, four-wire system. Three phase 
power loads may be connected between lines a, h and c while lighting load may be connected 
between ad and bd. There is a further advantage of availability of neutral on the teaser transformer. 
This permits a true three-phase four-wire system with the use of two transformers, which we could 
not get in open A system. 


3.19 Conversion of Three-phase to Two-phase and vice-versa 

In some cases such as for electric furnaces, it is desirable to work with two-phase currents. From 
the power supply system, three-phase AC supply is available, therefore, it is necessary to convert 
three-phase supply to two-phase supply. This can be achieved by using Scott-connections. In these 
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connections, two identical one-phase transformers are required, one of them must have centre tapped 
primary and secondary. The connections are made as shown in Fig. 3.27. 



Since point/) is located midway on AB, so leads V^^by 90° i.e., voltages across the primaries 

of the transformer are 90° apart. It follows that the secondary voltages are 90° apart. With equal 
fluxes in the core, the secondary windings require an equal number of turns (say, to give equal 
secondary voltages. Hence the two transformers have unequal ratios of transformation. 


Transformation ratio of main transformer, K = 




...(3.20) 


Transformation ratio of teaser transformer = 


N2 

0.866 


1- 15K 


...(3.21) 


It is to be noted that point D is not the neutral point of the primary system, as its voltage with 

respect to line terminals A, B and C are not equal to . Let N be such a point that the voltages 

V3 

from point N to points A, B and C are equal. Point N, therefore, is the neutral of the primary system. 
The neutral point on the three phase side can be located on the teaser transformer. The neutral 

must have a voltage of i.e., 0.577 to C and since the voltage C to Z) is 0.866 V, the neutral point 


N will be 0.866 V - 5.77 V from D or 0.289 V i.e., a number of turns below D equivalent to 28.9 per 
cent of the primary turns in main transformer. Since 0.289 is one third of 0.866, the neutral point is 
one third the way down the teaser transformer winding from D to C or point N divides the teaser 
winding in the ratio of 1: 2. 

For determination of primary currents let us neglect the magnetising current and consider load 
component currents 12 ^^ and /jrj. only. 

Considering ampere-turn balance of teaser transformer, x 0.866 = /j^p A/j 







(a) Primary side 

Fig. 3.28 Phasor diagram 
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Thus /^, Ig and are equal in magnitude but are 120° apart from each other and so they give a 
balanced system. 

Phasor diagram for voltages and currents, neglecting the transformer impedance and magnetising 
current, is shown in Fig. 3.28. The load currents are lagging behind their respective secondary 
voltages by an angle cj). One half of the main transformer primary winding AB, has an angle of lag 
of (30° - while the other has angle of lag of (30° + (p) where teaser primary has an angle of lag 
of (f). This is the reason why the volt-ampere capacity of the primary winding of main transformer 
must be greater than that of its secondary. 

Example 3.18 

A balanced three-phase load of 1000 kW and 0.8 p.f lagging is supplied by Vee-connected 
transformers. Calculate the line and phase currents and the power factor at which each transformer 
is working. The working voltage is 3.3 kV. 


Solution: 


Line current, I, = 


kW X 1000 


= 218.8 A 


^ V3 X 3.3 X 1000 X 0.8 
Phase current of the transformer is equal to the line current for Vee connections 


A=4 = V=218.8A 
Load pf, cos (j) = 0.8; cj) = cos^' 0.8 = 36.87° 

The current f will make an angle of = 30 H- ^ = 30 -H 36°.87° = 66°.87° with phase voltage of 
respective transformer 


cos (j)^ = cos 66.87° = 0.393 lagging {Ans.) 

Current /j will make an angle of ^2 = 30° - (j>= 30° - 36.87° 

= - 6.87° with phase voltage of respective transformer, 
cos ^2 = cos (- 6.87°) = 0.993 (Ans.) 


Example 3.19 

Two identical single phase transformers are connected in V-V-connection across three-phase mains 
and deliver a balanced load of 3048 kW at 11 kV, 0.8 p.f. lagging. Calculate the line and phase 
currents and the pfat which each transformer is working. 

The V-V-connection is converted to mesh/mesh by the addition of an identical unit. Calculate 
the additional load of same p.f. that can now be supplied for the same temp. rise. Also calculate 
the phase and line currents. 


Solution: 


Line current, I, = 


kW X 1000 


3048 X1000 


Se, COS 0 73 x 11000x 0.8 


= 200 A 


In Vee-Vee connection, phase current is the same as line current and is equal to 200 A in this case. 
Load p.f. cos 0 = 0.8 

0 = cos-' 0.8 = 36.87° 
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p.f. of transformer-I = cos (30° - (j)) = cos (30° - 36.87°) 

= cos 6.87° = 0.993 lagging {Ans.) 
p.f. of transformer-II = cos (30° + 36.87°) 

= cos 66.87° = 0.393 lagging {Ans.) 

Power supplied by the delta for same temperature rise i.e., for same current is 

3 X 11 X 1000 X 200 X 0.8 _ un? 

1000 ■ 

Note: In delta connection line voltage is the same as phase voltage. 

Extra power supplied hy delta = 5280 - 3048 = 2232 kW (Ans.) 

= 200 A (Ans.) 

line current = 200 x V3 = 346 A (Ans.) 


Example 3.20 

Two-transformers are connected in open delta and supply a balanced three-phase load of300 kW 
at 400 volt and a p.f. of 0.866, determine: 

(a) the secondary line current. 

(b) the kVA load on each transformer 

(c) the power delivered by the individual transformers. 

If a third transformer having the same rating i.e., 200 kVA is added to form a delta bank, what 
will be the total load that can be supplied. 


Solution: 

Load supplied = 300 kW; Secondary line voltage, V ^2 - 400 V 
Load pf, cos (j) = 0.866 


(a) Secondary line current L- = 


klLxlOOO 


300 X1000 


X cos 0 V3 X 400 X 0.866 


= 500 A (Ans.) 


(b) kVA load on each transformer = ~ ~ (Ans.) 


(c) For a power factor cos 0 = 0.866; 0 = cos^' 0.866 = 30° 

Power delivered by one transformer, = kVA cos (30° - 0) = 200 cos 0° = 200 kW (Ans.) 
Power delivered by the other transformer. 


Pj = kVA cos (30° + 0) 

= 200 cos 60° = 100 kW (Ans.) 

The output of three transformers, each of 200 kVA rating, when connected in A bank 

= 3 X 200 = 600 kVA (Ans.) 
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Example 3.21 

A three-phase 150 kW balanced load at lOOOV, 0.866 p.f. lagging is supplied from 2000 volt, three- 
phase main through (i) three single-phase transformers connected in (i) delta-delta and then (ii) in 
Vee-Vee. Find the current in the windings of each transformer and the p.f at which they operate in 
each case. 


Solution: 

Delta-Delta Connection 

Secondary line current, = 


Secondary phase current, = 


Turns ratio. 


K = 


kW X 1000 
Vs cos (j) 


150 X1000 
Vs X 1000 X 0.866 


= 100 A 


100 


= 57.7 A (Ans.) 


^ph2 

^phl 


1000 

2000 


1 

2 


Primary phase current, 


57.5 X ^ = 28.85 A (Ans.) 


p.f at which each transformer is operating is 0.866 lagging (Ans.) 


Vee-Vee Connection 
/ 

Let be the secondary line current which is also the phase current in open delta. Then 

j' ^ kW X 1000 ^ 150 X 1000 ^ ^ 

Vsv^ COS 0 Vs X 1000 X 0.866 

/ 

Secondary phase current, = 100 A 

Primary phase current = 100 X ^ = 50A 

Load p.f. cos 0 = 0.866; 0 = cos“^ 0.866 = S0° 
p.f. of Transformer I = cos (SO - 0) = cos (SO - S0°) = cos 0=1 (unity) 
p.f. of Transformer II = cos (SO + 0) = cos (S0° + S0°) = cos 60° = 0.5 lagging 
Hence when the load p.f. is 0.866 the pf of transformer-1 is Unity and 11 is 0.5 as already explained. 


Example 3.22 

Three 1100/110 V transformers are connected AA and supply a lighting load of 120 kW. If one of 
these transformers is damaged and hence removed for repairs, what currents will be flowing in each 
transformer when (i) the three transformers were in service (ii) the two transformers are in service. 

Solution: 

(i) When three transformers were in service 


Load P = 120 kW 

Power factor, cos 0 = 1.0 (for lighting load) 
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Primary line voltage, = 1100 volt 
Secondary line voltage, V ^2 =110 volt 


Secondary line current, I, 


kW X 1000 


120 X1000 


X cos 0 ^/3xll0xl 


= 630 A 


Primary line current, I,, = 


120 X 1000 

V3x 1100x1 


= 63 A 


For delta connections. 


Secondary phase current, I 


^ = 363.7 A (Ans.) 

sl3 


Primary phase current, —;= = 36.37 A (Ans.) 


(ii) When only two transformers are in service 


Secondary line current, 


kW X 1000 


120 X 1000 


V3 X ^ COS0 V3 X 110 X 1 


= 630A 


Secondary phase current, = Secondary line current = 630 A (Ans.) 

/ 

Primary phase current, = Secondary phase current x transformation ratio 

= 630 X ^ = 63 A (Ans.) 

Example 3.23 

Three 1100/110 volt transformers are, connected in delta/delta. This bank of transformers is supplying 
a lighting load of 100 kW. One of these transformers is damaged and removed for repairs. 

(i) What currents were flowing in each transformer when the three transformers were in service. 

(ii) What current flows in each of the two transformers after third has been removed. 

(Hi) What is the kVA output of each transformer if the two transformers, connected in open-delta, 
carry full load with normal heating. 


Solution: 

(i) All the three transformers in service with Delta/Delta Connection 
Power factor for lighting load is always unity 


Secondary line current, 1, 


kW X 1000 ^ 100 X 1000 
COS 0 VsxllOxl 


= 525 A 


I 

Secondary phase current, = ~~r^ = 303 A (Ans.) 

V3 ■\/3 


Turns ratio = 


ia.i (A/A connect) 


Primary phase current, ^ ~ ^ ~ ^ (Ans.) 
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{ii) When one transformer is removed the connections are changed to Vee-Vee-Connections. 

/ 

Secondary line current, = ^25 A = I(Ans.) 

' 1 

Primary phase current, = 525 ^ jq = ^ {Ans.) 

(Hi) Power output of Delta/Delta connection is 100 kW 

Power output of open-delta = 0.577 x 100 = 57.7 kW (Ans.) 

When the load p.f. is unity, the both the transformers in Vee-Vee connection operate at the 
same p.f. 0.866. 

p.f. of transformer-I 

p.f. of transformer-II 

kW load taken by each transformer 

.'. kVA rating of each transformer 

Example 3.24 

The primary and secondary windings of two transformers each rated 220 kVA, 11/2 kV and 50 Hz 
are connected in open delta. Find (i) the kVA load that can be supplied from this connection; (ii) 
currents on HV side if a delta connected three phase load of250 kVA. 0.8 pf(lag) 2 kV is connected 
to the LV side of the connections. 


= cos (30 - 0) = 0.866 (•.• tj) = cos*' = 0°) 

= cos (30 -H 0) = 0.866 

^ 57.7 
2 


Solution: 

(i) The kVA load that can be supplied by two transformers, each having rating of 220 kVA 

= 2 X kVA rating of each transformer x 0.866 
= 2 X 220 X 0.866 = 381 kVA (Ans) 
kVA X1000 220 X1000 


Secondary line current, /, 


L2 


= 63.5 A 


V3 X ^3 X 2000 

Secondary phase current, = Secondary line current = 63.5 A 
Primary phase current (current on HV side) 

= Secondary phase current x transformation ratio 

= 63.5 X ^ = 11.54 A (Ans) 


Example 3.25 

Two single phase furnaces A and B are supplied at 100 V by means of Scott-connected transformers 
from a three-phase, 6 kV system. Furnace A is supplied from the teaser transformer. Calculate the 
line currents on the three phase side when (i) each furnace takes 600 kW at p.f. 0.8 (lag), (ii) furnace 
A takes 500 kW at unity power factor and furnace B 600 kW at 0.8 pf(lag). 
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Solution: 

Secondary voltage, Vj = 100 V 
Primary main voltage, Vj = 6 kV = 6000 V 

Transformation ratio, K = ^ = 

Vj 6000 60 

(0 Secondary currents, = 7500 A 

2.M JQQ X Q g 

Teaser primary current, fj. = 1.15 = 1.15 ^ ^ ^ 7500 = 144 A 

Considering Fig. 3.29. 

Current in line C, = 144 A 
Current in primary of main transformer, 



Teaser transformer 

Fig. 3.29 Circuit diagram 

The current in lines A and B of the primary of main transformer will be the phasor sum of 
current 1^® teaser primary current I^. As the power factor is the same on 

both secondaries, the line currents are in quadrature. [See Fig. 3.30(a)] 

Line currents, 4 = 4= ^ ^(125)^ + 

= 144.25 A {Ans) 

Phase angle between phasor 4 and 4 = 90° + tan”' = 120° 
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Similarly, phase difference exists between phasors and Ig and phasors and Ig. 



(a) When both furnaces are taking same load (b) When two furnaces are taking different load 

Fig. 3.30 Phaser diagram 


{ii) When the two furnaces are operating at different loads, [see Fig. 3.30(b)] 


Secondary current, 

Teaser primary current, fj. 

Hence current in line C, 

Current in main secondary, 

Current in main primary, 
and (j) 

Line current, 


500 X1000 
100 X 1.0 


= 5000 A 


1.15 KF.^ = 1.15 X ^ X 5000 = 96 A 
96 A 

600 X 1000 _ A 

100 X 0.8 ■ ^ 

= Xx 7500 = 125 A 
60 

cos-' 0.8 = 36.87° 


sjihM cos 0 )^ + (/[|^ sin 0 + 0 . 5 / 17 .)^ 
V(125 X 0.8)^ + (125 X 0.6 + 0.5 x 96)^ 


= 158.5 A (Ans.) 

Line current, Ig = 0)^ + sin 0 - 0.5 

= V(125 X 0.8)^ + (125 X 0.6 - 0.5 x 96)^ 
= 103.6 A (Ans.) 


Example 3.26 

Two one-phase furnaces A and B are supplied at 80 V by means of a Scott-connected transformer 
combination from a three-phase 6600 V system. Calculate the line currents on the three-phase 
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side when the furnace A takes 500 kW at unity p.f and B takes 800 kW at 0 .7 p.f. lagging. Draw the 
corresponding vector diagrams. 

Solution: 

Secondary voltage, Vj = 80 V 
Primary main voltage, Vj = 6600 V 

Transformation ratio, K = ^ = 

Let furnace A be supplied by the teaser 


Vi 6600 


Teaser secondary current, ^ ^000 = 500 X 1000 ^ ^250 A 


V2 X cos 0 80 X 1 

80 


Teaser primary current, Tj= 1.5 x K x L„= 1.5 X X 6250 = 87.6 A 


6600 


Current in the secondary of main transformer, 

j ^ 800 X 1000 
2M 80 X 0.7 

Current in the primary main transformer. 


= 14286 A 


4m ~ 4m ^ ^ - 14286 X 


173 A 


From the phasor diagram shown in Fig. 3.31, 1, is given as. 



4 “ sjihM cos 0)^ + (/j^ sin 0 + 0.5 fjf' 
= a/(173 X O.lf + (173 X 0.714 + 43.8)^ 


= 207 A (Ans.) 
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Line current, = ^(/j^ cos 0)^ + (/j,^ sin (j) - 0.5 

= 7(173 X 0.7)^ + (173 X 0.714 - 43.8)^ 
= 145 A (Ans.) 


Example 3.27 

Two single-phase electric furnaces are supplied power at 80 volt from a three-phase, 11 kV system 
by means of two single-phase Scott-connected transformers, with similar secondary windings. When 
the load on one transformer is 500 kW and on the other is 800 kW, what current will flow in each 
of the three-phase lines at unity p.f? 


Solution: 

Let load of 500 kW be connected across the teaser secondary winding and 800 kW across main 
secondary winding. 


Secondary voltage, V, = 80 V; Primary main voltage, V, = 11000 V 


y? 

Transformation ratio K = -f = 


80 


Teaser secondary current, l^j = 
Teaser primary current, I, 


Li 11000 1100 

Load in kW X 1000 500 X 1000 


Voltage 


80 


= 6250 A 


_1_ X f — \ KI 

1 ^“ 0.866 N, 


= 1.15 X 


1100 


Current in the line C, = fj = 52.5 A 


Main secondary current, I. 


2M 


800 X1000 
80 


Main primary current, /, = Kl 2 ^^ = 


1100 


X 6250 = 52.5 A. 


= 10000 A 


X 10000 = 72.8 A 


The current /^.j, is supplied by the line C which divides the centre tap and its components 0.5 
flow in opposite directions in the main primary winding. The current flows in the primary of 
the main transformer. In each half of the main primary winding the current is 90° out of phase 
with 0.5 lyj. (see phasor diagram shown in Fig. 3.32). 
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Now current in the line A and B 

^A~ ^B~ +( 0 - 5 ^ 17 ’) 

= V(72.8)^ + (0.5 X 52.5)^ = 77.3 A. (Ans.) 

tan 9 = = 0.360 or 9= tan-' 0.360 = 19.8° (Ans.) 

72.0 


Example 3.28 

It is desired to transform 2000 V, 400 kVA three phase power to two-phase power at 500 V by Scott- 
connected transformers. Determine the voltage and current ratings of both primary and secondary 
of each transformer. Neglect the transformer no-load currents. 

Solution: 


Primary voltage, = 2000 V 
Secondary voltage, Vj = 500 V 

Transformation ratio, K 

For Teaser Transformer 

Voltage rating of secondary, Vjx 


= 1 

Vi 2000 4 


V 2 = 500 V 


Voltage rating of primary, = V^= 0.866 Vj = 0.866 x 2000 = 1732 V (Ans.) 

Load on teaser transformer in kVA X 1000 


Current rating of secondary = I 2 J = 

^ 400 X1000 
2x500 


V, 


: 400 A (Ans.) 


('.' Load on teaser = ^ ^ load) 


Current rating of primary = 


1.15 Kl 2 j= 1.15 X A X 400 = 115 A (Ans.) 

For Main Transformer 



Voltage rating of secondary = 

^2 = 

500 V (Ans.) 

Voltage rating of primary = 

^1 = 

2000 V (Ans.) 

Current rating of secondary = 

4m ° 

= 4^=400 A 

load is same on both transformers 



Main primary current, /j^ = 

KI 2 M = 1 X 400 = lOOA 

Current rating of primary, or Tg = 

VAm + (0-5 Vf 


pf is same on both secondaries = ^(100)^ + (0.5 X 115)^ = 115.4 A (Ans.) 



Electrical Machines 


290 


Example 3.29 

A balanced three-phase, 100 kW load at 400 V and 0.8 pf lagging is to be obtained from a balanced 
two phase 1100 V lines. Determine the kVA rating of each unit of the Scott-connected transformer. 


Solution: 

Secondary line voltage, Vj = 400 V 

Primary voltage, Pj = 1100 V 

Voltage rating of the secondary of main transformer = Supply line voltage = 400 V 
Voltage rating of the secondary of teaser transformer = 0.866 - 0-866 x 400 = 346.4 V 

Voltage rating of primary of each transformer = Pj = 1100 V 
Current rating of primary of each transformers, 

_ Load in kW X 1000 

1 “ 2 xV.xpf 


^ 100 X 1000 

2x1100x0.8 

Current rating of secondary of each transformer. 


= 56.82 A 


4 “ 


Load in kW X 1000 


\f 3 V 2 X cos 0 
100 X1000 


180.42 A 


V3 X 400 X 0.8 

Volt-ampere rating of primary and secondary of teaser transformer is the same 
i.e., 1100 X 56.82 x IQ-^ = 62.5 kVA (Ans.) 


Volt-ampere rating of secondary main transformer = 
Volt-ampere rating of primary of main transformer = 


400 X 180.42 
1000 

1100x 56.82 
1000 


= 72.17 kVA (Ans.) 


= 62.5 kVA (Ans.) 


Since, two identical transformers are used to provide inter-changeability, both must have the same 
rating i.e., 72.17 kVA (Ans.) 


Example 3.30 

Two single phase Scott-connected transformers supply a three-phase four-wire 50 Hz distribution 
system with 400 V between lines. The hv windings are connected to a two-phase 6600 V (per phase) 
system. The core area is 200 cm^, while the maximum allowable flux density is 1.2 T. Determine the 
number of turns on each winding and the point to be tapped for the neutral wire on the three-phase side. 

Solution: 

Maximum flux density, B^ = 1.2 A 
Maximum allowable flux, (b = B x core area 

’ ' m m 


= 1.2 X 0.02 = 0.024 Wb 
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Voltage on primary (HV) side, V-^ = 6600 V 
Number of turns on HV side of both the transformers, 

yy = 

' 4.44 

Number of turns of Iv side of main transformer. 


6600 

4.44 X 50 X 0.024 


= 1239 (Ans.) 




V, 


400 


: 75 (Ans.) 


2 4.44/0^ 4.44 X 50 X 0.024 

Number of turns on LV side of teaser transformer = 0.866 N 2 = 0.866 x 75 = 65 (Ans.) 


Number of turns between CN = ^ ^ 65 =43 (Ans.) 


3.20 Difference between Power and Distribution Transformers 

In power system, the voltage level is raised at the generating station and it is decreased at the various 
sub-stations for economic reasons. The transformers used in the power system are called either power 
transformers or distribution transformers depending upon the duty performed by them. They basically 
differ from design point of view, as explained below: 

(i) Power Transformers: These transformers are used to step up the voltage at the generating 
station for transmission purposes and then to step down the voltage at the receiving stations. 
These transformers are of large sizes (generally above 500 kVA). These transformers usually 
operate at high average load, which would cause continuous heavy copper loss, thus affecting 
their efficiency. To have minimum losses during 24 hours, such transformers are designed with 
low copper losses. 

(ii) Distribution Transformers: These transformers are installed at the distribution sub-stations 
to step down the voltage. These transformers are continuously energised causing the iron losses 
for all the 24 hours, when generally the load fluctuates from no-load to full-load during this 
period. To obtain high efficiency, such transformers are designed with low iron losses. 


3.21 Cooling of Transformers 

When a transformer is connected to the mains, heat is produced in the transformer due to various 
losses. This increases its temperature. In fact, output of the transformer is limited by the rise in 
temperature. Therefore, some means are provided to cool down the transformer so that the rise in 
temperature may not go beyond the permissible limits. 

According to specifications, the rise in temperature of a transformer when working at the rated 
output shall not exceed 45°C to 60°C. 

Most of the electrical machines have rotating part, therefore, it is easy to cool down such machines 
by providing fan on their shaft and ducts in their construction. But in case of transformers there is no 
rotating part, therefore, it is difficult to cool down the inner parts of a transformer. However, depending 
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upon the size of a transformer, various methods have been evolved to dissipate heat produced in the 
transformer. These are mentioned below: 

1. Natural Cooling 

(a) Air Natural cooling (AN) 

(b) Oil immersed Natural cooling (ON) 

(c) Oil immersed Forced oil circulation Natural cooling (OFN) 

2. Artificial Cooling (Air) 

(a) Oil immersed Forced oil circulation with air Blast cooling (OFB) 

(b) Oil immersed air Blast cooling (OB) 

(c) Air Blast cooling (AB) 

3. Artificial Cooling (Water) 

(a) Oil immersed Water cooling (OW) 

(b) Oil immersed Forced oil circulation with Water cooling (OFW) 

4. Mixed Cooling 

(a) Oil immersed Natural cooling with alternative additional air Blast cooling (ON/OB) 

(b) Oil-immersed Natural cooling with alternative additional Forced oil circulation (ON!OFN) 

(c) Oil-immersed Natural cooling with alternative additional Forced oil circulation air Blast 
cooling (ON/OFB) 

(d) Oil-immersed Natural cooling with alternative additional forced oil circulation and Water 
cooling (ON/OFW) 


3.22 Metho(Js of Transformer Cooling 

Some of the common methods of transformer cooling are explained below: 

1. Air Natural Cooling (AN) 

Small transformers of a few kVA rating are cooled by the Natural air surrounding the core and 
winding of the transformer. The heat produced in the transformer due to losses dissipated by 
conduction, convection and radiation. 

The transformers cooled by this method are used in laboratories and small appliances like 
radios, rectifiers etc. 

2. Oil immersed Natural cooling (ON) 

In this case, the assembly of core and winding (assembled unit) of a transformer is placed in a steel 
tank filled with pure insulating oil as shown in Fig. 3.33. The cooling is affected by natural circulation 
(convection currents) of the oil through the cooling ducts provided between coils and between coils 
and core. 

For small transformers, the tanks are usually smooth surfaced but for large sizes the tanks 
are made of corrugated sheets as shown in Fig. 3.34. Sometimes fins are attached to the other 
surface as shown in Fig. 3.35 to improve cooling. 

In most of the pole mounted transformers upto the rating of 200 kVA number of round or 
elliptical tubes are provided with the tank externally as shown in Fig. 3.36. The transformer 
oil has large coefficient of expansion, therefore, convection currents develop which cause the 
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oil to circulate through the external tubes as shown in Fig. 3.36. The cooling can further be 
improved by using a radiator in place of external cooling tubes. 




Fig. 3.34 Corrugated tank 


Cooling 



Ribs or fins 



3. Oil immersed Forced oil-circulation Natural cooling (OFN) 

In this type, core and coils are immersed in oil and the cooling is effected basically by forced 
oil circulation through motor driven oil pump as shown in Fig. 3.37. This method of cooling is 
one of the latest to be adopted and is employed with the radiators separately attached with the 
main tank of the transformer. A pump forces the oil through the ducts provided between winding 
and back to the radiators. The transformer tank in this case is also made plain, the radiators 
being relied upon to give necessary cooling. 

4. Oil immersed Forced oil circulation with air Blast cooling (OFB) 

This is achieved by means of fans blowing under the radiator as shown in Fig. 3.37. The radiators 
may be placed at some little distance from the transformer tank. Fans are placed under the 
radiators in such a way as to blow air through them and thus increases the cooling. 

The method in which forced air cooling is adopted in addition to the oil-forced cooling is called 
OFB method i.e., oil immersed forced oil circulation with air blast cooling. 

OFN method raises the rating by one-third and OFB by another third. 
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Fig. 3.37 Oil immersed forced oil circulation with air blast cooling 


3.23 Power Transformer and its Auxiliaries 

The transformers used in the power system for transfer of electric power or energy from one circuit 
to the other are called power transformers. The rating of a transformer includes voltage, frequency 
and kVA. The kVA rating is the kVA output that a transformer can deliver at the rated voltage and 
frequency under general service conditions without exceeding the standard limit of temperature rise 
(usually 45° to 60°C) The power transformer has the following important parts : 

1. Magnetic circuit: The magnetic circuit comprises of transformer core. The transformer core 
may be core type or shell type in construction. The power transformers used in the power 
system are mostly three phase transformers. In a core type three-phase transformer core has 
three limbs of equal area of cross-section. 

2. Electrical circuit: In three phase transformers there are three primary (H.V) windings and 
three secondary {L.V) windings. Whole of the L.V. winding is wound over one limb next to 
the core, then whole of the H.V. winding is wound over the L.V. winding. In between the L.V. 
winding and H.V. winding and between core and L.V. winding insulation is provided. 

3. Transformer oil: Transformer oil is a mineral oil obtained by fractional distillation of crude 
petroleum. The oil is used only in the oil cooled transformers. The oil not only carries the heat 
produced due to losses in the transformer, by convection from the windings and core to the 
transformer tank, but also has even more important function of insulation. 

When transformer delivers power, heat is produced due to the iron and copper losses in the 
transformer. This heat must be dissipated effectively otherwise the temperature of the winding 
will increase. The raise in temperature further increases the losses. Thus, the efficiency of the 
transformer will decrease. As there is no rotating part in the transformer, it is difficult to cool 
down the transformer as compared to rotating machines. Various methods are adopted to cool 
down the transformers of different rating. The common methods are air natural cooling, oil 
immersed natural cooling, oil immersed forced oil circulation natural cooling, oil immersed 
forced oil circulation with air blast cooling, oil immersed forced oil circulation with water 
cooling etc. 
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Generally, for cooling of distribution transformers, oil immersed natural cooling method is adopted. 
Cooling tubes or small cooling radiators are used with the main tanks, as shown in Fig. 3.38, to 
increase the surface area for the dissipation of heat. 



Fig. 3.38 Pictorial view of a 200 kVA, 11 kV/400 V oil immersed natural cooled distribution transformer 

4. Tank Cover: A number of parts are arranged on the tank cover of which most important are : 

(i) Bushing: The internal winding of the transformer are connected to the lines through copper 
rods or bars which are insulated from the tank cover, these are known as bushings. Upto 
33 kV ordinary porcelain bushing can be used. Above this voltage oil filled bushings or 
condenser bushing are employed. 

(ii) Oil conservator tank: Oil conservator is also known as an oil expansion chamber. It is 
a small cylindrical air tight and oil tight vessel. The oil conservator is connected with a 
tube to the main transformer tank at the tank cover. This tank is partially filled with oil. 
The expansion and contraction of oil, changes the oil level in the conservator. 

(iii) Breather: The transformer oil should not be allowed to come in contact with atmospheric 
air, since a small amount of moisture causes a great decrease in the dielectric strength of 
transformer oil. All the tank fittings are made air tight. When oil level in the oil conservator 
tank changes due to expansion and contraction of oil because of change of oil temperature, 
air moves in and out of the conservator. This action is known as breathing. 

The breathed air is made to pass through an apparatus called breather to abstract moisture. 
Breather, contains Silica gel or some other drying agent such as calcium chloride. This 
ensures that only dry air enters the transformer tank. 

(iv) Buchholz Relay: This is installed in between the main tank and the oil conservator. It is 
a gas relay which gives warning of any fault developing inside the transformer, and if the 
fault is dangerous, the relay disconnects the transformer circuit. This relay is installed in 
the transformer having capacity more than 750 kVA. 

All the important parts of a 200 kVA, 11 kV/400 V oil immersed natural cooled distribution 
transformer are shown in Fig. 3.38. 
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3.24 Maintenance Schedule of a Transformer 

A power or distribution transformer when despatched from a factory, its tank is filled with oil upto 
a certain level in the conservation tank. Above the oil level, dry air or inert gas under pressure is 
filled. On receipt of the transformer, it is important to check the oil level and the dielectric strength 
of the oil which may be affected during transportation. 

To check the electric strength of the oil, its sample is taken from near the top and bottom of the tank. 
The dielectric strength of the oil in no case should be lower than 30 kV for a 4 mm gap. 

For a long trouble-free service, transformers should be given due attention regularly. For this 
purpose, a proper maintenance schedule of transformer has to be prepared. Different maintenance 
schedule is prepared for 

(i) Attended indoor or outdoor transformers and {ii) Unattended outdoor transformers. 

(/) Maintenance schedule for attended indoor or outdoor transformers. 

The different checks employed on transformers are given below: 

(a) Hourly check: Check oil temperature, winding temperature, ambient temperature, load and 
voltage after very hour. 

The temperature is kept within the permissible limits by adjusting the load. 

(b) Daily Check: 

(i) Check oil level daily. If low, fill moisture free oil. 

(ii) Check the colour of the silica gel in the breather daily. Its colour should be blue. If its 
colour is pink replace it. 

(c) Quarterly check: Check the working of cooling fans and pumps quarterly. If not working 
properly, get them repaired. 

{d) Half-yearly: 

(i) Check dielectric strength, if below 30 kV for 4 mm then filter it or replace it. 

(ii) Check bushes, insulators and cable boxes half-yearly. If found defective replace them. 
(e) Yearly: (i) Check oil alarm circuits, relays, contacts, earth resistance and lightning arrestors. 
if) Five yearly: 

(i) Carry out overall inspection of the transformer including lifting of coils and core. 

(ii) Cleaning of transformer with moisture free transformer oil. 

(ii) Maintenance schedule of outdoor transformers. 

These transformers are checked after a certain period as given below: 

(a) Quarterly: 

(i) Check oil level and condition of silica gel. 

(ii) Clean bushings, check conditions of switching and alarm circuits etc. 

(b) Yearly: 

(i) Check dielectric strength of oil. 

(ii) Check earth resistance and lightning arrestors etc. 

(c) Five-yearly: 

(i) Carryout overall inspection of the transformer. 

(ii) Cleaning of transformer with moisture free transformer oil. 
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3.25 Trouble Shooting of a Transformer 


For any type of internal fault of the transformer, the winding insulation and bushings are tested. For 
this insulation test between transformer winding and core or tank is carried out. Similarly, to test 
insulation of bushings, insulation test between each terminal of transformer and tank is carried out. 
When fault is located, it is removed. 


Section Practice Problems 


Numerical Problems 

1. Two transformers each of 80 kVA are connected in parallel. One has resistance and reactance of 1% and 

4% respectively and the other has resistance and reactance of 1.5% and 6% respectively. Calculate the 
load shared by each transformer and the corresponding power factor when the total load shared is 100 
kVA 0.8 pf lagging. (Ans. 48kW, 0.8pflagging:32kW, 0.8pf lagging) 

2. A 500 kVA transformer with 1.5% resistive and 5% reactive drops is connected in parallel with a 1000 
kVA transformer with 1% resistive and 4% reactive drops. The secondary voltage of each transformer is 
400 V on load. Determine how they share a load of 500 kVA at a pf of 0.8 lagging. (Ans. 116 kW, 0.82 
(lag); 284 kW, 0.7923 (lag)) 

3. The primary and secondary windings of two transformers each rated 250 kVA, 11/2 kV and 50 Hz are 

connected in open delta. Find (/') the kVA load that can be supplied from this connection; (/7) currents on 
HV side if a delta connected three phase load of 250 kVA, 0.8 pf (lag) 2 kV is connected to the LV side of 
the connection. (Ans. 43.3 kVA; 13A) 

4. Two single phase furnaces working at 100 volt are connected to 6600 volt, three-phase mains through 

Scott-connected transformers. Calculate the current in each line of the three-phase mains, when the 
power drawn by furnace I is 600 kW and the other 900 kW respectively at a power factor of 0.71 lagging. 
Neglect losses in transformers. (Ans. 84500 A; 148 A; 12680 A; 192.1 A; 205.8 A) 

Shor t Answer Type Questio ns 

Q.1. Compare delta and open delta connections. 

Ans. Comparison of Delta and Open Delta Connections: 

(/) When similar transformers are used, the voltages given by the delta and Vee connections are the 
same and their outputs are proportional to their line currents. 

(//) In balanced delta connection the line current is yjz ofthephasecurrentwhereasinVee-connection 
the line current is the same as the phase current. 

{ill) With non-inductive balanced load, each transformer of the delta connection carries one-third of 
the total load at unity power factor. Under the same conditions each transformer of Vee-connection 
carries one half of the load at a p.f. 0.866. 

(/V) The ratio of the power in Vee-Vee to Power in delta connection is 0.577. 
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Q.2. Why Scott connections are also known as T-connections? 

Ans. Since primary and secondary of teaser transformer are connected to the centre tap of the primary and 
secondary of the main transformer respectiveiy giving a shape of Engiish ietter T’, as shown in Fig. 
Q.3 (a and b) the connections are known as T-T connections. 



(a) T-T Connections 



Fig. Q.3 

Q.3. What is the function of a breather is a transformer? 

Ans. Breather: The transformer oii should not be aiiowed to come in contact with atmospheric air, since a 
smaii amount of moisture causes a great decrease in the dielectric strength of transformer oil. All the 
tank fittings are made air tight. When oil level in the oil conservator changes, air moves in and out of 
the conservator. This action is known as breathing. 

The breathed air is made to pass through an apparatus called breather to abstract moisture. Breather, 
contains Silica-gel or some other drying agent such as calcium chloride. This ensures that only dry air 
enters the transformer tank. 


Three-phase load 
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Review Questions 

1. A single unitof three-phase transformer is preferred over three units of one-phase transformers to transfer 
power in three-phase circuits, why? 

2. /.1/winding is always placed nearer the core, why? 

3. Parallel operation of the transformers in the power system is necessary, why? 

4. Distribution transformers are designed for smaller iron losses, why? 

5. Tap-changers are usually employed on the Wl/side, why? 

6 . No-load tap changers are only operated at off load, why? 

7. A reactor is employed with on-load tap changer, why? 

8. It is difficult to cool down transformer than to cool down an induction motor or alternator, why? 

9. In power transformer, breather is necessary, why? 

10. In distribution transformers, cooling tubes are provided, why? 

11. How can you differentiate between power and distribute transformers. 

12. What is the importance of cooling of transformer? 

13. Write a short note on a star-Delta transformer. 

14. Write a short note on earthing of transformer. 

15. What is a three-phase transformer? Give its merits over a bank of three single-phase transformers. 

16. Explain the construction of a three-phase (/) core type and (//) shell type transformers with the help of 
neat sketches. 

17. Explain the following connections of three-phase transformers 

(/) Star-star (//') Delta-delta 

{Hi) Delta-star (/V) Star-delta giving the merits of each one of them. 

18. What do you understood by parallel operation of transformers? What is its necessity? 

19. State and explain the conditions necessary for parallel operation of two single-phase transformers. 

20. State and explain the conditions necessary for parallel operation of two three-phase transformers. 

21. Explain with the help of a phasor diagram the load shared by each transformer, when two are connected 
in parallel having same voltage ratios and same percentage impedances. 

22. Explain with the help of a phasor diagram the load shared by each transformer when two are connected 
in parallel having same voltage ratios but different impedance triangles. 

23. What is a tap-changer? Where and how they are placed with the transformers? 

24. Explain the working of an off-load tap-changer with the help of a neat-schematic diagram. 

25. Explain the working of an on-load tap-changer with the help of neat schematic diagram. 

26. What is the necessity of cooling of transformer? Explain with neat sketch oil immersed forced oil circulation 
natural cooling. 
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27 . Write short note on 

(/) Oil immersed natural cooling 

(//') Oil immersed forced oil circulation with air blast cooling. 


Multiple Choice Questions 


1 . The transtormation ratio of a three-phase transformer is given by the relation. 


(») 

ib) 

^2{ph) 

E%ph) 

(«) 5 ’“' 

‘^\ph) 

id) 

^2{ph) 

2 . Usually Wl/winding is placed 



(a) next to the core 

ib) 

over the low voltage winding 

(c) both a and d 

id) 

none of these 


3 . In parallel operation of two transformers if the transformers have different percentage impedances. 

(a) they will share the load as per their rating. 

(b) the transformers will be on dead short circuiting and will be damaged. 

(c) They will not share the load as per their rating but there will be no damage to the transformers, 
(rf) none of these 


The seasonal voltage adjustments on the transformer are made through 
(a) off-load tap-changer (b) on load tap-changer 

(c) both a and fr (d) none of these 


5 . Cooling of transformer 
(a) reduces losses 
(c) increase life 


(b) increases efficiency 

(d) all of these 


Keys to Multiple Choice Questions 

TTb Tb 37c 4^3 ^ 
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Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

,/ What is a DC generator and how does it convert mechanical energy into electrical energy? 

V What are the main constructional features ot a DC machine, material used tor different parts and 
their function? 

How armature winding is designed and placed in the armature slots? Give details ot lap and wave 
winding design. 

^ What are the factors on which emt induced in the armature depends? 

^ What are the factors on which torque developed in the armature depends? 

^ What is armature reaction and how does it affect the performance ot machine? 

^ What is commutation? What is meaning ot bad and good commutation? 

^ What are causes ot sparking at the brushes and how can it be reduced or removed? 

^ What are inter-poles and compensating winding and how are these helpful in improving 
commutation? 

./ What are different types ot DC generators on the basis ot field excitation? 

V How is voltage built-up in DC shunt generator and what is critical resistance? 

V What are the performance characteristics ot DC generators and their field ot applications? 

^ What are the losses in a DC generator? 

^ What is efficiency ot a DC generator and under what conditions does it become maximum? 


Introduction 

A DC machine is an electro-mechanical energy conversion device. When it converts mechanical 
power (ctiT) into DC electrical power (£/), it is known as a DC generator. On the other hand, when it 
converts DC electrical power into mechanical power it is known as a DC motor. 

Although battery is an important source of DC electric power, but it can supply limited power. 
There are some applications where large quantity of DC power is required (such as in chemical and 
metal extraction plants, for electroplating and electrolysis processes etc.), at such places DC generators 
are used to deliver power. 

In short, we can say that DC machines have their own role in the field of engineering. In this 
chapter, we shall focus our attention on the common topics of DC generators. 
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4.1 DC Generator 


An electro-mechanical energy conversion device (or electrical machine) that converts mechanical 
energy or power (coT) into DC electrical energy or power (El) is called DC generator. 



Fig. 4.1 Block diagram of electro-magnetic energy conversion (Generator action) 


Working Principle 

The basic principle of a DC generator is electro-magnetic induction i.e., 

“When a conductor cuts across the magnetic field, an emf is induced in it.” 



(a) Linear motion of conductor in a uniform magnetic field (b) Coil rotating in a uniform magnetic field 

Fig. 4.2 Generation of emf 


Consider Fig. 4.2(a), here, when a conductor is moved vertically upward or downward, the deflection 
in the galvanometer clearly shows that an emf is induced in the conductor since flux is cut by the 
conductor. But, when it is moved horizontally (left or right), 
there is no deflection in the galvanometer which shows that 
no emf is induced in the conductor since flux cut is zero and 
conductor moves just parallel to the magnetic lines of force. 

In fact, in a generator, a coil is rotated at a constant speed 
of 0 ) radians per second in a strong magnetic field of constant 
magnitude as shown in Fig. 4.2(b). An em/is induced in the 
coil by the phenomenon of dynamically induced emf (e = Fig. 4.2(c) Wave shape of induced emf 
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Blv sin 6; e X sin ff). The magnitude and direction of induced emf changes periodically depending 
upon sine of angle 6. The wave shape of the induced emf is shown in Fig. 4.2(c), which is AC for 
internal as well as external load. 

This AC is converted into DC with the help of commutator, as explained in the Articles to follow. 
Thus, the working principle of a DC generator is electro-magnetic induction. 

4.2 Main Constructional Features 

The complete assembly of various parts in a scattered form of a DC machine is shown in Fig. 4.3. 
The essential parts of a DC machine are described below: 


Brush 



Magnetic 



Fig. 4.3 Disassembled parts of a DC machine 


1. Magnetic Frame or Yoke 

The outer cylindrical frame to which main poles and inter poles are fixed is called yoke. It also helps 
to fix the machine on the foundation. It serves two purposes: 
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(0 It provides mechanical protection to the inner parts of the machine. 

{ii) It provides a low reluctance path for the magnetic flux. 

The yoke is made of cast iron for smaller machines and for larger machines, it is made of cast steel 
or fabricated rolled steel since these materials have better magnetic properties as compared to cast iron. 

2. Pole Core and Pole Shoes 

The pole core and pole shoes are fixed to the magnetic frame or yoke by bolts. They serve the 
following purposes: 

(i) They support the field or exciting coils. 

(ii) They spread out the magnetic flux over the armature periphery more uniformly. 

{Hi) Since pole shoes have larger X-section, the reluctance of magnetic path is reduced. 

Topped holes Laminated 

for fixing pole core Former 




(a) Field winding placed around pole core (b) Field winding 

Fig. 4.4 Pole core, pole shoe and field winding 

Usually, the pole core and pole shoes are made of thin cast steel or wrought iron laminations 
which are riveted together under hydraulic pressure as shown in Fig. 4.4(a). 

3. Field or Exciting Coils 

Enamelled copper wire is used for the construction of field or exciting coils. The coils are wound on 
the former [see Fig. 4(fe)] and then placed around the pole core as shown in Fig. 4(a). When direct 
current is passed through the field winding, it magnetises the poles which produce the required flux. 
The field coils of all the poles are connected in series in such a way that when current flows through 
them, the adjacent poles attain opposite polarity as shown in Fig. 4.5. 

4. Armature Core 

It is cylindrical is shape and keyed to the rotating shaft. At the outer periphery slots are cut, as shown 
in Fig. 4.6, which accommodate the armature winding. The armature core shown in Fig. 4.6, serves 
the following purposes: 



DC Generator 305 


(0 It houses the conductors in the slots. 
iii) It provides an easy path for magnetic flux. 

Since armature is a rotating part of the machine, reversal of flux takes place in the core, 
hence hysteresis losses are produced. To minimise these losses silicon steel material is used for 
its construction. When it rotates, it cuts the magnetic field and an emf is induced in it. This emf 
circulates eddy currents which results in eddy current loss in it. To reduce these losses, armature 
core is laminated, in other words we can say that about 0.3 to 0.5 mm thick stampings are used for its 
construction. Each lamination or stamping is insulated from the other by varnish layer (see Fig. 4.6). 


Armature core 



+ 


Fig. 4.5 Magnetic circuit of DC machine 


Siots 



Fig. 4.6 Armature core 


5. Armature Winding 

The insulated conductors housed in the armature slots are suitably connected. This is known as 
armature winding. The armature winding acts as the heart of a DC machine. It is a place where one 
form of power is converted to the other form i.e., in case of generator, mechanical power is converted 
into electrical power and in case of motor, electrical power is converted into mechanical power. On 
the basis of connections, there are two types of armature windings named (i) Lap winding and {ii) 
Wave winding (detailed discussions in the coming articles). 

(0 Lap winding: In this winding, the connections are such that the number of parallel paths is 
equal to number of poles. Thus, if machine has P poles and Z armature conductors, then there 
will be P parallel, paths, each path will have Z/P conductors in series. In this case, the number 
of brushes is equal to the number parallel paths. Out of which half the brushes are positive and 
the remaining (half) are negative. 

(ii) Wave winding: In this winding, the connections are such that the numbers of parallel paths are 
only two irrespective of the number of poles. Thus, if machine has Z armature conductors, there 
will be only two parallel paths each having Z/2 conductors in series. In this case, the number 
of brushes is equal to two i.e., number of parallel paths. 
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6. Commutator 

It is an important part of a DC machine and serves the following purposes: 

(i) It connects the rotating armature conductors to the stationary external circuit through brushes. 

(ii) It converts the alternating current induced in the armature conductors into unidirectional current 
in the external load circuit in generator action, whereas, it converts the alternating torque into 
unidirectional (continuous) torque produced in the armature in motor action. 

The commutator is of cylindrical shape and is made up of wedge-shaped hard drawn copper 
segments. The segments are insulated from each other by a thin sheet of mica. The segments are 
held together by means of two V-shaped rings that fit into the V-grooves cut into the segments. Each 
armature coil is connected to the commutator segment through riser. The sectional view of the 
commutator assembly is shown in Fig. 4.7. 


Mica insulation 


Copper segment 
Riser 


End ring 
Adjusting nut 
Metal sleeve 



Fig. 4.7 Commutator 


7. Brushes 

The brushes are pressed upon the commutator and form the connecting link between the armature 
winding and the external circuit. They are usually made of high grade carbon because carbon is 
conducting material and at the same time in powdered form provides lubricating effect on the 
commutator surface. The brushes are held in particular position around the commutator by brush 
holders and rocker. 

8. Brush Rocker 

It holds the spindles of the brush holders. It is fitted on to the stationary frame of the machine with nut 
and bolts. By adjusting its position, the position of the brushes over the commutator can be adjusted 
to minimise the sparking at the brushes. 

9. End Housings 

End housings are attached to the ends of the main frame and support bearings. The front housing 
supports the bearing and the brush assemblies whereas the rear housing usually supports the bearing 
only. 
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10. Bearings 

The bearings may be ball or roller bearings these are fitted in the end housings. Their function is to 
reduce friction between the rotating and stationary parts of the machine. Mostly high carbon steel 
is used for the construction of bearings as it is very hard material. 

11. Shaft 

The shaft is made of mild steel with a maximum breaking strength. The shaft is used to transfer 
mechanical power from or to the machine. The rotating parts like armature core, commutator, cooling 
fan etc. are keyed to the shaft. 


4.3 Simple Loop Generator and Function of Commutator 

For simplicity, consider only one coil AZ? placed in the strong magnetic field. The two ends of the coil 
are joined to slip rings A' andB' respectively. Two brushes rest on these slip rings as shown in Fig. 4.8. 



0 = 0 0 = 90” 0 = 180” 0 = 270” 0 = 360” 

(i) (ii) (iii) (iv) (V) 


(a) Load connected through slip-rings 



(b) Wave diagram 


Fig. 4.8 Generated emf for external circuit connected through slip rings 

When this coil is rotated in counter clockwise direction at an angular velocity of co radius per 
second, the magnetic flux is cut by the coil and an emf is induced in it. The position of the coil 
at various instants is shown in Fig. 4.8(a) and the corresponding value of the induced emf and its 
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direction is shown in Fig. 4.8(fc). The induced emf is alternating and the current flowing through the 
external resistance is also alternating i.e., at second instant current flows in external resistance from 
M to L, whereas, at fourth instant it flows from L to M as shown in Fig. 4.8(fo). 

Commutator Action 

Now, consider that the two ends of the coil are connected to only one slip ring split into two parts 
(segment) i.e., A" and B". Each part is insulated from the other by a mica layer. Two brushes rest on 
these parts of the ring as shown in Fig. 4.9(a). 

In this case when the coil is rotated is counter clockwise direction at an angular velocity of a> 
radians per second, the magnetic flux is cut by the coil and an emf is induced in it. The magnitude 
of emf induced in the coil at various instants will remain the same as shown in Fig. 4. 8 (^ 7 ). 

However, the flow of current in the external resistor or circuit will become unidirectional i.e., 
at second instant the flow of current in the external resistor is from M to L as well as the flow of 
current in the external resistor is from M to L in the fourth instant, as shown in Fig. 4.9(a). Its wave 
shape is shown in Fig. 4.9(b). 




Fig. 4.9 Generated emf for external circuit connected through split ring 


Hence, an alternating current is converted into unidirectional current in the external circuit with 
the help of a split ring (i.e., commutator). 

In an actual machine, there are number of coils connected to the number of segments of the ring 
called commutator. The emf or current delivered by these coils to the external load is shown in 
Fig. 4.10(a). The actual flow of current flowing in the external load is shown by the firm line which 
fluctuates slightly. The number of coils placed on the armature is even much more than this and a 
pure direct current is obtained at the output as shown in Fig. 4.\0(b). 
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Thus, in actual machine working as a generator, the function of commutator is to convert the 
alternating current produced in the armature into direct current in the external circuit. 



(a) Wave shape of output delivered by number of coils (b) True wave shape of output delivered by a do generator 
Fig. 4.10 Wave shape of output delivered by a DC generator 


4.4 Connections of Armature Coils with Commutator Segments 
and Location of Brushes 

Consider an armature which has four coils 1, 2, 3 and 4 equally spaced in the armature slots as shown 
in Fig. 4.11. The number of commutator segments is equal to number of coils. When the armature 
is rotated clockwise, the direction of induced emf and hence the current in coil sides 3', 1, 4', 2 is 
downward and in coil sides T, 3, 2', 4 is upward. The coils should be connected in such a way that 
the emf induced in the two sides of the same coil be added up as shown in Fig. 4.12, The coil sides 
1-4', T-2, 2'-3 and 3'-4 are connected to the commutator segments namely 1, 2, 3 and 4 as shown 
in Fig. 4.13. 



Fig. 4.11 Coils and commutator segments Fig. 4.12 Electrical connections 
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(fl 



Fig. 4.13 Developed windings diagram for 2-pole, 4-coil, 4-segment DC machine. 


The next point of discussion is to determine how many brush sets are required and where these are 
to be placed with respect to the poles. The brushes are to collect or deliver the current and arc placed 
at such a position that sparking is minimum at the brushes. The rules to be followed for determining 
the position of brushes are given below: 

(i) Place the brush at each meeting point or each separating point of two emf’s. The brushes at the 
meeting point are of positive polarity and those at the separating point are of negative polarity. 
At segment 1, current is separated towards conductor 1 and 4', hence it is a separating point. 
Whereas, current is coming towards segment 3 from conductor 2' and 3, hence it is a meeting 
point. So, the commutator segment 1 is the position of negative brush and commutator segment 
3 of the positive brush. 

{ii) Brushes are generally equally spaced and placed directly opposite to the pole centres. This brings 
out a very important point, namely, that in certain positions of the commutator the brushes will 
be actually short circuiting the coils connected to the segments with which they are in contact 
(Fig. 4.14). In this case only two coils are short circuited, which is taking place continuously 
and as such the width of brushes must be greater than the thickness of the mica insulation 
between segments. However, for representation, the general convention is to place the brushes 
at geometrical neutral plane (G.N.R). All conductors above the brush axis carry current in 
one direction and all conductors below the brush axis carry current in the opposite direction. 
This convention represents that the brushes are placed at the coil or coils in which the voltage 
induced is zero. 

The actual position of the brushes is shown in Figs. 4.14,4.15 and 4.16. These figures also show the 
position of coil sides and the direction of currents after the coils 2 and 4 undergo commutation. The 
negative brush short circuits the segments 1 and 4 whereas positive brush short circuit the segments 
2 and 3. The coils 4 and 2 are short circuited by the brushes and hence no emf should induce in these 
coils. The armature winding forms a closed circuit and consists of two parallel paths. When a coil 
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under goes commutation no emf is induced in it since it passes through magnetic neutral axis (MNA), 
and the coil is short-circuited by the brushes, hence no sparking will take place. 




Fig. 4.16 Brush position at an instant 


4.5 Armature Winding 

At the outer periphery of an armature core, slots are cut. In these slots number of conductors are 
placed which are connected with each other in proper arrangement forming series-parallel paths 
depending upon the requirement. This arrangement of connections is known as armature winding. To 
understand the armature winding schemes, it is desirable to have an idea about the following terms. 

1. Conductor: The length of wire embedded in armature core and lying within the magnetic field 
is called the conductor (see Fig. 4.17(a), where AB is a conductor). It may be having one or more 
parallel strands. Total number of conductors in the armature winding are represented by the 
symbol Z. 
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2. Turn: Two conductors lying in a magnetic field connected in series at the back, as shown in 
Fig. 4.17(a), so that emf induced in them is additive is known as a turn. 


Back connections Multi-turn coil 



Commutator Commutator Commutator Commutator multi-turn coii 

singie-turn coil three-turn coii muiti-turn coii singie iine diagram 

(a) (b) (c) (d) 

Fig. 4.17 Representation of a coil. 

3. Coil. A coil may be a single turn coil having only two conductors, as shown in Fig. 4.17(a), or 
it may be a multi-turn coil having more than two conductors as shown in Fig. 4.17(7)). In Fig. 
4.17(7)), a three-turn coil is shown. The bunch of three conductors may be wrapped by the cotton 
tape, as shown in Fig. 4.17(c), before placing in the slot of armature. A multi-turn coil can be 
represented by single line diagram as shown in Fig. A.Yl{d). Multi-turn coils are used to develop 
higher voltages. When the armature conductors are more, it is not feasible to use single turn 
coils because it will require large number of commutator segments and if used it will not give 
spark-less commutation. Moreover, it will not be economical due to use of more copper in the 
end connections. The total number of coils in the armature winding are represented by symbol 
‘C. 

4. Coil side. Each coil (single turn or multi-turn) has two sides called coil sides. Both the coil 
sides are embedded in two different slots as per the winding design (nearly a pole pitch apart). 

5. Coil group. A group of coils may have one or more coils. 

6. Winding. When number of coil groups are arranged on the armature in a particular fashion as 
per the design, it is called an armature winding. 

7. Inductance effect. All the coils have some inductance effect as current is changing in them. 
Due to inductance effect the flow of current is opposed causing reduction in resultant output 
voltage. Over-hanging end connections have some adverse effect due to inductance. 

Terms Related to Winding Design 

8 . Front-end and Back-end connectors. A wire that is used to connect end of a coil at the front 
to the commutator segment is called a front-end connector. 

Whereas, a wire that is used to connect one coil side to the other coil side at the back is called 
back-end connector. 
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9. Pole pitch. In general, it is defined as number of armature slots per pole. It may also be defined 
as the number of armature conductors per pole. If there are 36 conductors for 4 poles then pole 
pitch will be equal to 36/4 i.e., 9 conductors per pole. 

10. Back pitch. The distance in terms of number of armature conductors between first and last 
conductor of the same coil i.e., the distance between two coil sides of the same coil is called 
back pitch. It is also called the coil span or coil spread and is denoted by F^, as shown in Figs. 
4.18(a), (6) and (c) 



Progressive lap winding Retrogressive lap winding Wave winding 

(a) (b) (c) 

Fig. 4.18 Terms used in coils 


11. Frent pitch. The distance in terms of number of armature conductors or number of slots between 
second conductor of one coil and the first conductor of the next coil which are connected to the 
same commutator segment on the front is called/rant pitch. It is denoted by Yp, as shown in 
Figs. 4.18 (a), {b) and (c). 

12. Resultant pitch. The distance in terms of number of armature conductors or number of slots 
between the start of one coil and the start of the next coil to which it is connected is called 
resultant pitch. It is denoted by F^ as shown in Figs. 4.18(a), (b) and (c). 

13. Commutator pitch. The distance measured in terms of commutator segments between the 
segments to which the two ends of a coil are connected is called commutator pitch. It is denoted 
by Yp. as shown in Figs. 4.18(a), (b) and (c). 

14. Coil span or coil pitch. The distance in terms of number of armature conductors or number 
of slots between two sides of the same coil is called coil span or coil pitch. 

The coil span may be equal to, less than or more than pole pitch. Accordingly, the coils are 
knows as full pitched, short pitched or over pitched coils respectively. 

For instance, consider Fig. 4.19. where pole pitch is say 4. One side of coil-A is placed is slot 
No. 1 and the other side is placed in slot No. 5, then the coil span is 5-1 = 4 which is equal to 
pole pitch hence coil-A is called a full-pitched coil. Whereas, in case of coil-B, the coil span is 
6-3 = 3 which is less than pole pitch, this coil is called a short pitched coil. 
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Fig. 4.19: Full-pitch and short-pitch winding 

When the coils are full pitched, the induced emf in a coil is the arithmetic sum of the emfs 
induced in two sides of the same coil since the coil sides are displaced by 180° electric al. In 
this case, the two sides of the same coil are placed at similar position of two adjacent poles 
(North and South). 

In case of short pitched and over pitched coils, the resultant induced emf is reduced because the 
two sides would fall under the influence of the same pole at some instant. At this instance the 
induced emf in the two sides will oppose each other causing reduction in resultant emf (phasor 
difference). 

The advantage of short pitched winding is that in this case the copper used for end connections 
is reduced substantially which reduces the cost of machine. If also improves the commutation 
(reduction of sparking at brushes) because inductance of overhang connections is reduced. 
Moreover, it reduces the copper losses and improves the efficiency to some extent. Hence, many 
a times short pitched winding is used. 

15. Degree of Re-entrant of an armatnre winding. There can be single re-entrant or multi re¬ 
entrant armature winding. While tracing through a winding once, if all armature conductors 
are included on returning to the starting point, the winding is called single re-entrant winding. 
It will be double re-entrant if only half of the conductors are included in tracing through the 
winding once. 


4.6 Types of Armature Winding 

The continuous or closed armature windings are of two types: 

1. Gramme-ring winding 2. Drum Winding 

The gramme-ring type of armature winding is an early form of armature winding. This winding 
is replaced by more efficient drum type winding. The gramme-ring type of armature winding was 
having following disadvantages. 
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Disadvantages 

(0 Only half the coil was available to link with the pole flux. The other half of the portion of 
winding was lying inside the core which was used only as connectors and so there was wastage 
of copper. 

iii) As each turn was to pass through the centre of the core, therefore, it was difficult to wind and 
require more labour, hence was costlier. 

{iii) The maintenance and repairs were more costly. 

(iv) Insulation of winding was also difficult. 

(v) For the same pole flux and armature velocity the emf induced in ring winding was half of that 
induced in the drum winding having same number of coils. 

(vi) Construction was having a large air gap, so stronger field excitation was required to produce 
the required flux. 


4.7 Drum Winding 

In this type of winding, the conductors are housed in slots cut over the armature surface and connected 
to one another at the front and back through connectors. It has the following two main advantages. 

1. Whole of the copper used is active except end connectors, i.e., it cuts flux and, therefore, is 
active in generating emf. 

2. The coils can be pre-formed and insulated before placing on the armature, which reduces the 
construction cost. 

The drum winding may be either single layer or double layer winding. In single layer winding, only 
one conductor or one coil side is placed in each armature slot. It is rarely used because of its more cost. 

In two-layer winding, as shown in Fig. 4.20, there are two conductors or coil sides per slot arranged 
in two layers. Mostly it is employed because of economy reasons. These coils are usually are wound 
on machine driven formers which give them proper shape. The turns may be bound together with 
cotton tape. The ends are left bare to solder them to the commutator segments. The coils are then 
dipped into some insulating compound such as asphalt and are then dried. If the machine is to be 
operated at high temperatures, other materials, such as mica and paper tape, fibre glass tape, and 
silicon impregnated insulation may be used. 

Before placing the coils in the slots, liners of leatheroid are placed to ensure mechanical protection 
is provided to the coils. After dropping the coils into the slots, wedges of wood or hard fibre are 
driven to hold them in place, as shown in Figs. 4.20(a) and {b). 

To obtain maximum voltage a full pitched winding is used. However, the span may be reduced 
to as much as eight-tenth of the pole pitch without any serious reduction in the induced emf. When 
this is done, the winding is called short pitch (or fractional pitch) winding. 

Usually, one side of every coil lies in the top of one slot and the other side lies in the bottom 
of some other slot at a distance of approximately one pole pitch along the armature. Thus, at least 
two coil sides occupy each slot. Such windings, in which two coil sides occupy each slot are most 
commonly used for all medium sized machines. In case of large machines, more coil-sides can be 
placed in a single slot as shown in Figs. 4.20(^7) and A.2Q{d). Placing of several elements in a single 
slot gives fewer slots than segments which have got following advantages. 
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(0 By providing more conductors in one slot, the number of slots decreases. As the number of slots 
is reduced the armature core teeth become mechanically stronger to bear the stresses. 

(ii) In this arrangement, the number of commutator segments is increased, the voltage between 
segments adjacent to each other decreases and the number of turns of wire in the coil or coils 
connected to adjacent segments also decreases. The result is that there is less sparking at the 
commutator because of the improved commutation. 

{Hi) The overall cost of construction is reduced. 

In general there are two types of drum type armature windings: (i) lap winding {ii) wave windings. 



i 

i 

i 

i 

i 

■ 
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i 
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i 
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Upper 

layer 


Lower 

layer 


(a) Two conductors per slot 


(b) Six conductors per slot 



(c) Two conductors per slot 

Fig. 4.20 


(d) Four conductors per slot 
Double-layer winding 


4.8 Lap Winding 

Single turn lap winding is shown in Figs. 4.21(a) and {b). In lap winding a coil side under one pole is 
connected directly to the coil side of another coil which occupies nearly the corresponding position 
under the next pole and the finish end of other coil is connected to a commutator segment and to 
the start end of the adjacent coil situated under the same pole and all coils are connected similarly 
forming a closed loop. Since the sides of successive coils overlap each other, it is called a lap winding. 
Lap winding may be further classified as a simplex (single) or multiplex (double or triple) windings. 

Simplex lap winding: In this winding, there are as many parallel paths as there are field poles on 
the machine. 

Double or duplex lap winding: In this case, two similar simplex windings are placed in alternate 
slots on the armature and connected to alternate commutator segments. Thus, each winding carries 
half of the armature current. 
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^ Yc 1^ ^ Yc[*— 


(a) Progressive lap winding (b) Retrogressive lap winding 

Fig. 4.21 Lap winding connections 


Triple or triplex lap winding: In this case, three similar simplex windings are placed to occupy every 
third slot and connected to every third commutator segment. Thus, each winding carries one third 
of the armature current. Similarly, there can be multiplex lap winding having even more than three 
simplex winding as per the requirement. 

The above explanation clearly shows that the sole purpose of employing multiplex lap winding is 
to increase the number of parallel** paths enabling the armature to carry a large total current, at the 
same time reducing the conductor current to improve commutation conditions. 

Following points regarding lap winding should be carefully noted: 

1. The back and front pitches must be odd. But they cannot be equal. They differ by 2 or some 
multiple thereof. 

2. The coil or back pitch must be nearly equal to a pole pitch 

Y + Y 2 

3. The average pitch Y^ = ^ ^ —— . It is equal to pole pitch = — . 



4. Commutator pitch Y^=±l for simplex winding (in general, Y^ = ±m where mis the multiplicity 
of winding) 

5. Resultant pitch is always even, being the arithmetical difference of two odd numbers, i.e., 

- Yp It is equal to 2 m where m is multiplicity of winding. 

6 . For a two-layer winding, the number of slots and number of commutator segments are equal to 
the number of coils (i.e., half the number of coil sides). 

7. The number of parallel paths in the armature = mP where m is the multiplicity of winding and 
P the number of poles. 


Taking the first condition, we have Yg = Yp± 2. 


In duplex lap winding the number of parallel circuits is twice the number of poles and in triplex lap winding, the number 
of parallel circuits is three times the number of poles. 
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(a) If Yg > Yp i.e., Yg=Yp+ 2, then we get a progressive or right-handed winding i.e., a winding which 
progresses in the clockwise direction when we look towards the commutator end. Obviously, 
Y^= +1, in this case. 

(b) In case Y^ < Yp i.e., Yp= Yp- 2, we get a retrogressive or left-handed winding i.e., a winding 
which advances in the anti-clockwise direction just opposite to the previous case. In this case. 


(c) Hence, 

7 

Yp = - + l 
B p 

winding 

Obviously, Z/P must be even to make the winding possible. 


.(4.1) for progressive winding and 


iV = f + 1 

Y - — - 1 


.. .(4.2) for retrogressive 


4.9 Numbering of Coils and Commutator Segments in Developed 
Winding Diagram 

The developed winding diagram can be obtained by removing the armature periphery, cutting it along 
the slot and laying it out flat so that the slots and conductors can be viewed to trace out the armature 
winding. While drawing developed winding diagrams, we will designate only the coil sides with 
number (not individual turns). The upper side of the coil will be represented by a firm continuous 
line, whereas the lower side will be represented by a dotted line. The consecutive number i.e., 1, 2, 

3,.etc. will be assigned to the coil sides such that odd numbers are assigned to the top conductors 

and even numbers to the lower sides for a two-layer winding. The commutator segments will also 
be numbered consecutively, the number of the segments will be equal to the number of coils and the 
upper side will be connected to it. 

The readers will be able to understand how to develop armature winding diagram by going through 
the following examples: 

Example 4.1 

Draw the developed winding diagram of a progressive lap winding for 4 pole, 16 slot single layer 
showing therein position of poles, direction of motion, direction of induced emf and position of 
brushes. 

Solution: 

Here, Number of poles, P = 4 
Number of coil sides, Z = 16 

Pole pitch, Yp= j = ^ = A 
For progressive winding, Yp= ypH-l=4-i-l=5 

Yp= y^-2m = 5- 2x 1 = 3 (here m= \) 
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The connections are to be made as per the following table: 


Back End Connections 

Front End Connections 

1 to (1 H- 5) = 6 

6 to (6 - 3) = 3 

3 to (3 H- 5) = 8 

8 to (8 - 3) = 5 

5 to (5 H- 5) = 10 

10 to (10 - 3) = 7 

7 to (7 H- 5) = 12 

12 to (12 - 3) = 9 

9 to (9 H- 5) = 14 

14 to (14-3) = 11 

11 to (11 H-5) = 16 

16 to (16 - 3) = 13 

13 to (13 H- 5) = 18(18-16=2) 

18 to (18 - 3) = 15 

15 to (15 H- 5) = 20(20-16=4) 

4 to (4 - 3) = 1 


Direction of motion 




Steps to draw developed winding diagram 

1. Draw 16 coil-sides and number them. 

2. Since it is a single layer winding draw all the 16 coil-sides by firm continuous lines. 

3. Draw four poles Af, S, N and S alternately, each pole covers the space of 16/4 = 4 coil sides. 
Consider that the poles are below the coil sides. 

4. Mark the direction of motion (or rotation) of the conductors, say it is from left to right as marked. 

5. Connect conductor 1 to 6 at the back and 6 to 3 at the front and so on as per the table. 




Electrical Machines 


320 


6 . Mark the direction of flow of current in the coil-sides i.e., downward in the coil sides which 
are in the influence of north-pole and upward for south-pole. 

7. Connect each front end of the coil to each commutator segment as marked in Fig. 4.22. 

8 . Place four brushes at four commutator segments where either current is meeting (segment No. 
1 and 5) or separating (segment No. 3 and 7). 

9. The brushes where current is meeting are joined together and a positive terminal is obtained. 
The other two brushes where current is separating are joined together and a negative terminal 
is obtained. 

10. The series, spiral winding connections are shown in Fig. 4.23, the brushes are placed as explained 
above. 

Example 4.2 

Draw a developed winding diagram of a simple two-layer lap-winding for a four-pole generator with 
16 coils. Also draw the equivalent ring diagram with position of brushes and diagram representing 
parallel circuits thus formed. 

Solution: 

Flere, Number of poles, P = 4 
Number of coils, C = 16 
Number of coil sides, Z = 16 x 2 = 32 
It is a two-layer winding, 

Number of coil sides in each slot = 2 

Pole pitch, Yp = ^ ^ = 8 

For progressive winding, T^ = TpH-l=8-i-l=9 

and Yp= Yp- 2m = 9- 2xl=7 (here m = 1) 

The connections are to be made as per the following table: 


Back End Connections 

Front End Connections 

1 to (1 -H 9) = 10 

10 to (10 - 7) = 3 

3 to (3 -H 9) = 12 

12 to (12-7) = 5 

5 to (5 -H 9) = 14 

14 to (14 - 7) = 7 

7 to (7 -H 9) = 16 

16 to (16 - 7) = 9 

9 to (9 -H 9) = 18 

18 to (18-7) = 11 

11 to (11 -H 9) =20 

20 to (20 - 7) = 13 

13 to (13 -H 9) = 22 

22 to (22 - 7) = 15 

15 to (15 -H 9) = 24 

24 to (24 - 7) = 17 

17 to (17 -H 9) = 26 

26 to (26 - 7) = 19 

19 to (19 -H 9) = 28 

28 to (28 - 7) = 21 
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21 to (21 + 9) = 30 
23 to (23 + 9) = 32 
25 to (25 + 9) = 34(34-32=2) 
27 to (27 + 9) = 36(36-32=4) 
29 to (29 + 9) = 38(38-32=6) 
31 to (31 + 9) = 40(40-32=8) 


30 to (30 - 7) = 23 
32 to (32 - 7) = 25 
34 to (34 - 7) = 27 
36 to (36 - 7) = 29 
38 to (38 - 7) = 31 
8 to (8- 7) = 1 


(Direction of rotation) 


n/N /N /N /V /S /N /V /X /V /N /s/s 


25 27 29 31 


d ' ' 9 4 R 

131 , Z ^ D 


N: 1 1 


yi i i 1 


i i i M\ i 


I2 14 le Is I10 I12 li 4 lie I18 I20 I22 I24 I26 I28 bo I32 ^ ^ 

27 29 31 M u II h li h h h L h h h h h h ^4 ^6 

's \ V\/\/ V\/\/\/\/\/\/\/\/\/'^ 


Fig. 4.24 Developed Winding diagram 


^nnnnnnnnnnnnnnnnn 

8 1 10 3 12 5 14 7 16 9 1811 2013 2215 241726 192821302332 25 2 27 4 29 6 31 8 1 


Fig. 4.25 Spiral winding diagram 

Steps to draw developed winding diagram 

1. Draw 16 X 2 = 32 coil-sides and number them. 

2. Since it is a two-layer winding draw all the upper (odd numbered) coil-sides by firm continuous 
lines and all the lower (even numbered) coil sides by dotted lines. 


/ 00 
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3. Draw four poles N, S, N and S alternately, each pole covers the space of 32/4 = 8 coil sides. 
Consider that the poles are helow the coil sides. 

4. Mark the direction of motion (or rotation) of the conductors, say it is from left to right as marked. 

5. Connect conductor 1 to 10 at the back and 10 to 3 at the front and so on as per the table. 

6 . Mark the direction of flow of current in the coil-sides i.e., downward in the coil sides which 
are in the influence of N-pole and upward for the S-pole. 

7. Connect each front end of the coil to each commutator segment as marked in Fig. 4.24. 

8 . Place four brushes at four commutator segments where either current is meeting (segment No. 
1 and 9) or separating (segment No. 5 and 13). 

9. The brushes where current is meeting are joined together and a positive terminal is obtained. 
The other two brushes where current is separating are joined together and a negative terminal 
is obtained. 

10. The series, spiral winding connections are shown in Fig. 4.25, the brushes are placed as explained 
above. 

The equivalent ring diagram of the armature winding is shown in Fig. 4.26. 


a 



Fig. 4.26 Ring winding diagram 


When brushes of same polarity are connected together, then all the armature conductors are 
divided into four parallel paths as shown in Fig. 4.27. 
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—^13/4 


a 


+7 

Fig. 4.27 Brush position and paraiiei paths 

4.10 Characteristics of a Simplex Lap Winding 

From the above examples it is concluded that 

1. A simplex lap winding is a singly re-entrant closed winding because winding may start from any 
coil side (here it starts from coil side No. 1) returns back to the same coil side after connecting 
all the coil sides of the armature once and only once. 

2. Both back pitch (F^) and front pitch of all the coils remain the same and odd number. 

3. Total number of brushes is equal to the number of poles. These brushes are connected to the 
coil sides which lie in between the poles and have no emf induced in them at that particular 
instant. 

4. There are as many parallel paths in the armature as the number of poles (see Fig. 4.27). That 
is why such a winding is also known as "Multiple Circuit’ or ‘parallel’ winding. 

In general, number of parallel paths in armature, A = mP where m is the multiplicity of the lap 
winding. For simplex lap winding m = 1 (.'. A = P), for duplex lap winding m = 2 and so on. 

5. The emf developed across the positive (H-ve) and negative (-ve) brushes is equal to the emf 
generated in any one of the parallel paths. 

Generated emf, = emf generated per parallel path 

7 

= Average emf/coil side x — 

7 

where — is the number of coil sides connected in series per parallel path. 

6 . If I is the length of each armature conductor (or coil side), including overhang, a is the area of 
cross-section and p is the resistivity of conductor material, then 
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Resistance of each conductor (or coil side) = p — 

a 

7 

Since — conductors are connected in series in each parallel path. 

Resistance of each parallel path 
Say the number of parallel paths 

Then armature resistance, R 
In simplex lap winding, A 

Armature resistance, R 

1. If is the total armature current, then current carried by each parallel path or conductor is 
IJP (in general IJA). 

Example 4.3 

Design and draw a 2 layer progressive duplex lap winding for a 6 pole DC generator with 24 slots, 
each slot having 2 coil sides. Indicate the direction of motion, position of poles, position of brushes 
with their polarities and parallel paths formed there-of. 

Solution: 

Here, Number of poles, P = 6 
Number of slots = 24 

Number of coil sides, Z = 24 x 2 = 48 (2 layer winding) 

For duplex winding, m = 2 

Pole pitch, y = ^ = ^ = 8 
^ P o 

For progressive winding, y^ = Fp+l=8+l=9 

and Yp= Yg± 2m = 9- 2x2 = 5 (since m = 2) 

The connections are to be made as per the following table. 

Steps to draw developed winding diagram 

1. Draw 24 X 2 = 48 coil-sides and number them. 

2. Since it is a two-layer winding draw all the upper (odd numbered) coil-sides by firm continuous 
lines and all the lower (even numbered) coil sides by dotted lines. 

3. Draw six poles N, S, N, S, N and S alternately, each pole covers the space of 48/6 = 8 coil sides. 
Consider that the poles are below the coil sides. 

4. Mark the direction of motion (orrotation) of the conductors, say it is from left to right as marked. 


P-xf 

a P 


= A 


^ a P ^ _ Z 

A P „ ' 


a P X A 


= P 


plZ _ plZ 
aP^ aA? 


...(4.3) 
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Winding-1 

Winding-!! 

Back-end 

Front-end 

Back-end 

Front-end 

Connections 

Connections 

Connections 

Connections 

1 to (1+9) = 10 1 

lOto (10-5) = 5 

3 to (3+ 9) = 12 

12 to (12-5) = 7 

5 to (5+ 9) = 14 1 

14 to (14-5) = 9 

7 to (7+ 9) = 16 

16to (16-5) = 11 

9 to (9+ 9) = 18 1 

18 to (18-5) = 13 

11 to (11 +9) = 20 

20 to (20-5) = 15 

13 to (13+ 9) = 22 1 

22 to (22-5) = 17 

15 to (15+ 9) = 24 

24 to (24-5) = 19 

17 to (17+ 9) = 26 1 

26 to (26-5) = 21 

19 to (19+ 9) = 28 

28 to (28-5) = 23 

21 to (21 + 9) = 30 1 

30 to (30-5) = 25 

23 to (23 + 9) = 32 

32 to (32-5) = 27 

25 to (25 + 9) = 34 | 

34 to (34-5) = 29 

27 to (27 + 9) = 36 

36 to (36-5) = 31 

^ 29 to (29 + 9) = 38 | 

38 to (38-5) = 33 

31 to (31+9) =40 

40 to (40-5) = 35 

33 to (33 + 9) = 42 I 

42 to (42 - 5) = 37 

35 to (35 + 9) = 44 

44 to (44 - 5) = 39 

37 to (37 + 9) = 46 

46 to (46-5) = 41 

39 to (39 + 9) = 48 

48 to (48-5) = 43 

41 to (41 +9) = 50 = 2 1 

50 to (50-5) = 45 

43 to (43 + 9) = 52 = 4 

52 to (52-5) = 47 

45 to (45 + 9) = 54=6 , 

6to (6-5) = 1 

47 to (47 + 9) = 56 = 8 

8 to (8 - 5) = 3 


5. It is a duplex winding having two entrants, start the connections of one winding from conductor 
(or coil side) number 1. Connect 1 to 10 at the back and 10 to 5 at the front and so on as per the 
table. 

For second winding start from coil side No. 3. Connect 3 to 12 at the back and 12 to 7 at the 
front and so on as per the table. 

6. Mark the direction of flow of current in the coil-sides i.e., downwards in the coil sides which 
are under the influence of North-pole and upward for South pole. 

7. Connect each front end of the coil to each commutator segment as marked in Fig. 4.28. 

Motion 


(Direction of rotation) 



Fig. 4.28 Developed winding diagram 
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8. Place six brushes at six places, each brush is to cover two commutator segments, as shown in 
Fig. 4.28. Brushes are placed where either current is meeting (segment No. 1-2; 9-10 and 17-18) 
or separating (segment No. 5-6; 13-14; 21-22). 

9. The three brushes where current is meeting are joined together and a positive terminal is obtained. 
The other three brushes where current is separating are joined together and a negative terminal 
is obtained. 

10. The series, spiral winding connections of the two windings with separate entrant are shown in 
Fig. 4.29, the brushes are placed as explained above. 



11. The parallel paths formed by each winding are drawn in Figs. 4.30 and 4.31. Here, each winding 
is having six parallel paths. In all there are 12 (i.e., A = mP when m = 2 and P = 6 in this case) 
parallel paths. 



Fig. 4.30 Position of brushes 
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4.11 Characteristics of a Multiplex Lap Winding 

From the winding diagram for duplex lap winding, the following conclusions have been drawn: 

1. There are two independent winding, each closed on 
itself Accordingly, the winding is said to be a doubly 
re-entrant duplex winding. 

It is important to note that that in duplex winding, if 
the coils are not multiple of 2, there will not be two 
independent windings and in such cases, the winding 
will close only once, then it is known as singly re¬ 
entrant duplex winding. 

Similarly, for triplex winding, the number of coils 
must be a multiple of 3 and so on. 

2. Total number of brushes is equal to the number 
of poles but each brush must have a span of two 
commutator segments to collect current provided 
by two windings, as shown in Fig. 4.28. Similarly, 
for triplex winding each brush must have a span of 
three segments and so on. 

3. The number of parallel paths for each winding is 
equal to the number of poles (i.e., 6 in this case). 

Therefore, total number of parallel paths for the 
armature is mP where m is the multiplicity, in this 
case m = 2, therefore the number of parallel paths = 

2 X 6 = 12, as shown in Fig. 4.31. 

4. The number of conductors in each parallel path are Z/mP (here m = 2) 

In this case. No. of conductors connected in series in each parallel path, say, 

Z = ^ = = 4 

^ mP 2x6 

5. It is obvious that multiplex lap winding is used in the machines where we require high current 
to be delivered at small voltages. 


Winding-1 



4.12 Equalising Connections and their Necessity 

In simplex lap winding, the number of parallel paths are equal to the number of poles and all the 
conductors of any one parallel path lie under one pair of poles. If the flux produced by all the poles 
is exactly the same, the emf induced in each parallel path and hence the current carried by each one 
of them will be equal. But in spite of best efforts, this condition cannot be obtained due to different 
properties of steel used for construction of poles and variation of air-gap between the poles and 
armature. Hence, there is always a slight difference in the induced emf in various parallel paths 
which results in large circulating currents in the armature winding. This circulating current flows 
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from one parallel path to the other from one commutator segment to the other through brushes. This 
circulating current has the following ill-effects:* 

1. Armature circulating current heats-up the armature winding. 

2. It causes heavy sparking at the brushes which not only heats-up the machine but also causes 
undue burning and wear of commutator and brushes. If it is carried too far, it may result in 
flash over from positive to negative brushes. 

To overcome this detrimental effect, usually, equalising connections are provided in all lap-wound 
armatures. These connections are made with the help of very low resistance (almost zero) wires 
called equalisers. 


Motion 


(Direction of rotation) 



An equaliser is a copper wire having very low resistance and is used to connect the points of 
different parallel paths of armature winding which should have same potential under ideal conditions. 
These equaliser rings carry the circulating current and relieve the brushes to carry these circulating 
current. Under this condition, the brushes are to carry only the load current. 

For making equaliser connections, the number of coils should be multiples of the number of poles 
and at the same time, the number of coils per pole should be divisible by a small number 2, 3 or 4. 


The current flowing in various paths may also differ due to difference in their resistances, but this would not pose 
serious effects. 
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For instance, consider a four-pole, 16-slot double layer, lap wound armature winding having 32 
coil sides. Its developed winding diagram is shown in Fig. 4.32. Here, the number of coil sides per 
pole are 8 . The equaliser connections are shown in Fig. 4.32. The following points are worth noting: 

1. That every 3rd coil is connected to an equaliser. Each coil-side (or coil) connected to the equaliser 
occupies the same position relative to the poles such that same emf is induced in all the coils 
at every instant. 

2. The number of connections to each equalising ring is equal to the number of pair of poles. 

3. The number of equalising rings is equal to the number of coils under one pair of poles (i.e., 
8/2 = 4). 

4. Here, alternate coils have been connected to the equalising ring and as such it is said that the 
winding is equalised by 50%. If all the coils would have been connected to the equalisers it 
would have been said that the winding is 100 % equalised. 


Example 4.4 


A six-pole DC armature with lap connected winding has 72 slots and 2 coil-sides per slot. Determine 
the winding pitches and connections to the 6 equalising rings. 


Solution: 


Number of poles, P = 6 
Number of slots = 72 


Number of coil sides, Z =12x2 = 144 
Number of parallel path, A = P = 6 (for simplex lap winding) 

Pole pitch, Yp = ^ = ^ = 24- 
Back pitch, = Tp H- 1 = 24 H- 1 = 25 
Front pitch, Yp= ¥^-2 = 25-2 = 23 
Distance between the coils having same potential i.e.. 


Y _ Total number of coils _ Z / 2 _ 144 / 2 
Pair of poles P ! 2 6/2 

Total number of tapings = No. of equaliser rings x pair of poles 


= «, x| = 6x| = 18 

Distance between adjacent tapings = Total No. of coils ^ 14^ ^ 4 
■' ^ ^ Total No. of taps 18 

Hence, the equaliser rings are to be arranged as per the following table: 


Ring No. 

1 

II 

III 

IV 

V 

VI 

Coil No. 

1 

5 

9 

13 

17 

21 


25 

29 

33 

37 

41 

45 


49 

53 

57 

61 

65 

69 
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Example 4.5 

Calculate the different pitches for 4 pole, lap wound DC machine having 24 slots each has 2 coils- 
sides. 

Solution: 

Here, P = 4; No. of slots = 24; No. of coil sides/slot = 2 

Z = 24 X 2 = 48; Pole pitch, y = - = ^ = 12 

PA 

Back pitch, Yg = = 12 + 1 = 13; Front pitch, Fp = - 1 = 12 - 1 = 11 

Resultant pitch, F^ = F^- F^ = 13 - 11 = 2; commutator pitch, F^, = 1 


4.13 Simplex Wave Winding 

A simplex* wave winding is shown in Fig. 4.33. In lap 
winding a coil side under one pole is connected directly to a 
coil side at the back which occupies almost corresponding 
positioned coil side under the next pole and the finish 
end of that coil is connected to a commutator segment 
and to the start end of the adjacent coil situated under 
the same original pole. But in the wave winding the coil 
side is not connected back rather progresses forward to 
another coil side placed under the next pole, as shown 
in Fig. 4.33. In this way, the winding progresses, passing 
successively every North and South pole till it returns to 
the coil side from where it was started. It clearly shows 
that the connections of wave winding always progresses 
in the same direction around the armature instead of 
moving forward and backward alternately like that of lap 
winding. As the shape of winding is wavy, it is named as 
wave winding. 

The wave winding may be classified as progressive wave winding or retrogressive wave winding. 

Progressive wave winding. If after completing one round of the armature, the winding falls in a slot 
to the right of its starting point the winding is known as progressive wave winding. 

Retrogressive wave winding. If after completing one round of the armature. The winding falls in a 
slot to the left of its starting point, the winding is known as retrogressive wave winding. 

The wave winding may also be a multiplex winding (double, triple or more). 

A simplex wave winding has only two parallel paths irrespective of the number of pair of poles of 
the machine. However, a multiplex wave winding has 2 m parallel paths, where m is the multiplicity. 



Wave windina 
Fig. 4.33 Wave winding 


Like lap winding, a wave winding may also be multiplex winding i.e., duplex, triplex and so on... 
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Regarding wave winding, the following points are worth noting: 

(a) Simplex wave winding 

1. Both back and front pitches must be odd. 

2. Both back and front pitches must be nearly equal to pole pitch. They may be equal to each other 
or may differ by 2 i.e., 

Y^=Y^orY^=Y^±2 

3. Commutator pitch, Y^ = Y^ (average pitch) 

4. An average pitch Y^ must be an integer given by the relation 

^ _ Y^ +Yp _Z + 2_Z/2 + l _ No. of commutator segments -1 
^ 2 P P! 2 No. of pair of poles 

The wave winding will be closed itself only if the value of average pitch (T^) comes out to be 
a whole number (i.e., integer) and agrees to the above formulae. 

Z-2 

It is important to note here that in formulae Y^ = ^ , the value ±2 has been taken due to the 

reason that after one round of armature the winding falls either short or go ahead by two 
conductors from the starting conductor. If it is not done and the average pitch is taken as Z/P 
then after one round of armature the winding would have been closed without including all 
coil-sides. 

The positive sign provides progressive winding whereas negative sign provides retrogressive 
winding. 

It is mentioned that average pitch (T^) must be a whole number, it shows that this winding is 
not possible with any number of coil-sides. For example, with 32 conductors in a four-pole 
32 + 2 1 1 

machine, Y^ = —-— “ ^ 2 ^ 2 ^ fractional number, the wave winding is not possible. 

5. Resultant pitch, Yp,= Yp+ Yp 

6 . (a) For even number of pair of pole machines i.e., the machines which are having 2, 4, 6,. 

pair of poles; 

(i) the number of coils must be odd. 

(ii) the number of commutator segments must be odd. 

Y + Y 

(Hi) the average pitch, Y^ = ^ ^ —— may be odd or even. 

(b) For odd number of pair of pole machines i.e., the machines which are having 3, 5, 7. 

pair of poles; 

(i) the number of coils may be odd or even 

(ii) the number of commutator segments may be odd or even. 

(Hi) the average pitch must be odd for even number of coils but it must be even for odd 
number of coils. 

(c) Multiplex wave winding 

(i) ^b=^f- 
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Positive sign for progressive winding and negative for retrogressive winding. 

(ii) ^— which must be an integer. 

(Hi) In case of duplex winding 

(a) If No. of pair of poles is add and average pitch is odd, it must have odd number 
of commutator segments and coils. 

If average pitch is even machine must have an even number of commutator 
segments and coils. 

(b) If No. of pair of poles is even, the number of commutator segments and coils 
must be even irrespective whether the average pitch is odd or even. 

If average pitch is odd, the winding will be singly re-entrant and if even doubly 
re-entrant. 


4.14 Dummy Coils 

While designing wave winding, a particular number of coil-sides are required. To accommodate these 
coil-sides, the stemming with particular number of slots are needed which may not be available with 
standard armature punching. In such cases, some coil-sides (or conductors) are placed in the vacant 
slots. These coil sides are not connected to other coil-sides of the winding and do not participate in 
the conversion of power. Such coil-sides or coils are called dummy coil. These are employed only to 
make the mechanical balancing of the armature. 

Thus, the coils placed on the armature which do not participate in the conversion of power but 
are employed only to make mechanical balancing of the armature are known as dummy coils. 

Example 4.6 

Draw a developed winding diagram showing position of poles, direction of rotation, polarity and 
position of brushes of a simplex two-layer wave winding for a four-pole DC generator with 30 
armature conductors. Hence point out the characteristics of a simple wave winding. 

Solution: 

Here, P = 4;Z=30 

Average pitch, = 8** or 7 

If is taken odd i.e., 7, then Y^ = Y^ 

Starting from 1st coil-side, connect coil-side 1 to 1 H- 7 = 8 at the back and 8 to 8 -H 7 = 15 at the 
front through commutator segment 8. The first coil side is connected to commutator segments 1 at 
the front. Thus = 8 - 1 = 7. The coil side 15 is further connected to coil side 15 H- 7 = 22 at the 
back and 22 to 22 H- 7 = 29 at the front and so on, as per the table given below, till winding is closed. 


If is taken as 8, then Yj = 9 and Yp = 7 or Yp = 9 and Yj = 7. However, it is important to note that if Y(, = 7 the armature 
will rotate in one direction and if Yg = 8, it will rotate in opposite direction. 
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Back-end 

Front-end 

Through 

Connections 

Connections 

Segment No. 

1 to (1 + 7) = 8 

8 to (8 + 7) = 15 

8 

15 to (15 + 7) = 22 

22 to (22 + 7) = 29 

15 

29 to (29 -H 7) = 36 = 6 

6 to (6 + 7) = 13 

7 

13 to (13 + 7) = 20 

20 to (20 + 7) = 27 

14 

27 to (27 + 7) = 34 = 4 

4 to (4 + 7)= 11 

6 

11 to (11 +7)= 18 

18 to (18 + 7) = 25 

13 

25 to (25 + 7) = 32 = 2 

2 to (2 + 7) = 9 

5 

9 to (9 + 7) = 16 

16 to (16 + 7) = 23 

12 

23 to (23 -H 7) = 30 

30 to (30 + 7) = 37 = 7 

4 

7 to (7 + 7) = 14 

14 to (14 + 7) = 21 

11 

21 to (21 + 7) = 28 

28 to (28 + 7) = 35 = 5 

3 

5 to (5 + 7) = 12 

12 to (12 + 7) = 19 

10 

19 to (19 + 7) = 26 

26 to (26 + 7) = 33 = 3 

2 

3 to (3 + 7) = 10 

10 to (10 + 7) = 17 

9 

17 to (17 + 7) = 24 

24 to (24 + 7) = 31 = 1 

1 


The developed winding diagram, as per table, is shown in Fig. 4.34. 

_ Motion 

(Direction of rotation) 



The table shows that winding connections started from coil side number 1 finishes at the same 
coil side, thus, form a closed circuit. 











Electrical Machines 


334 


The ring or spiral winding diagram of a wave wound armature is shown in Fig. 4.35. 

Brush Position 

1. The direction of induced emf in various coil-sides is marked as per the following grouping (see 
Fig. 4.34) 


Downward 

Upward 

Downward 

Upward 

(N-Pole) 

(S-Pole) 

(N-Pole) 

(S-Pole) 

1-8 

9-16 

17-23 

24-30 

(8) 

(8) 

(7) 

(7) 


2. The direction of induced emf in various coil-sides is also marked in the spiral winding diagram 
shown in Fig. 4.35. 

innnnnnnnnnnnnnr 

24 1 8 15 22 29 6 13 20 27 4 11 18 25 2 9 16 23 30 7 14 21 28 5 12 19 26 3 10 17 

VWWWWVWWU 

p Q R S 

Fig. 4.35 Spiral winding 

3. Figure 4.35 shows that whole winding is divided into two portions i.e., between N to M and to 
MtoN. 

4. Here is a point where induced emfs are separating, but this position is at the back and does 
not fall at the commutator end. Therefore, the negative brush may be placed either at position 
P ox Q i.e., either at commutator segment number 1 or 8. 

5. Similarly, it is clear that M is a point where induced emfs are meeting, but this position is at 
the back and does not fall at the commutator end. Therefore, the positive brush may be placed 
either at position R ox S i.e., either at commutator segment number 5 or 12. 

6 . Here, conductors 24, 1, 8, 15, 2, 9, 16, 23 fall in between the poles, no emf is induced in them 
and the brushes can be placed at their junctions. 

7. If negative brush is placed at P, the positive brush can be placed at R or S. Let the negative 
brush be placed at P and the positive brush is placed at R, the armature winding will form two 
parallel paths as shown in Fig. 4.36. 



8 . If in all, 4 brushes (two positive and two negative) are used and are placed in both alternative 
positions, then the loops lying between the brushes of same polarity are being short circuited 
as shown in Fig. 4.37, but the number of parallel paths remain only two. 
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Fig. 4.37 Path formation with four brushes 


9. The ring diagram with brush position is shown in Fig. 4.38. 

N 



Fig. 4.38 Ring diagram 


From the above explanation, it is summarised that: 

ii) Only two brushes are necessary (at position P and R, see Fig. 4.36), although their number 
may be kept equal to the number of poles (at position P-Q, negative and R-S, positive; 
see Fig. 4.38). 

Note: Only two brushes are necessary, however, parallel brushes may be added to make 
their number equal to the number of poles. The parallel brush arrangement reduces the 
current per brush set which reduces the axial length of commutator and consequently 
reduces the cost of commutator or machine. This arrangement is used in large machines, 
for small machines only two brushes (one set) is sufficient. 

(ii) Wave wound armature winding has only two parallel paths irrespective of the number of 
poles of the machine. That is why, this winding is sometimes called ‘two circuit winding' 
or ‘series winding'. 
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{Hi) The total generated emf, = e^^ x Z/2 

where e^^ = average induced emf/conductor and 

Z/2 = No. of conductors connected in series in each parallel path. 

(iv) The current carried hy each parallel path or each armature conductor will be IJ2 where 
I is the total armature current. 

a 

Example 4.7 

Draw a developed winding diagram for a wave wound, six-pole DC armature having 16 slots with 
2 coil-sides per slot, each coil has single turn. 

Solution: 

Here, P = 6 ; Z = 16 x 2 = 32 

Average pitch, ^ ^ = 5 (add number) 

Starting from 1st coil-side, connect coil-side 1 to 1 H- 5 = 6 at the back and 6 to 6 - 1-5 = 11 at front 
through commutator segment No. 6 . The first coil-side is connected to commutator segment No. 1 
at the front. Thus = 6 - 1 = 5. To complete the winding, connect coil-side 11 to 11 H- 5 = 16 at the 
back and 16 to 16 H- 5 = 21 at the front and so on, as per the table given below: 


Back-end 

Front-end 

Through 

Connections 

Connections 

Segment No. 

1 to (1 H- 5) = 6 

6to(6-H5)= 11 

6 

11 to (11 h-5)= 16 

16 to (16 -H 5) = 21 

11 

21 to (21 H- 5) = 26 

26 to (26 -H 5) = 31 

16 

31 to (31 H- 5) = 36 = 4 

4 to (4 -H 5) = 9 

5 

9 to (9 H- 5) = 14 

14 to (14 H- 5) = 19 

10 

19 to (19 H- 5) = 24 

24 to (24 -H 5) = 29 

15 

29 to (29 H- 5) = 34 = 2 

2 to (2 -H 5) = 7 

4 

7 to (7 H- 5) = 12 

12 to (12 -H 5) = 17 

9 

17 to (17 H- 5) = 22 

22 to (22 H- 5) = 27 

14 

27 to (27 H- 5) = 32 

32 to (32 -H 5) = 37 = 5 

3 

5 to (5 H- 5) = 10 

10 to (10 -H 5) = 15 

8 

15 to (15 H- 5) = 20 

20 to (20 H- 5) = 25 

13 

25 to (25 H- 5) = 30 

30 to (30 -H 5) = 35 = 3 

2 

3 to (3 H- 5) = 8 

8 to (8 H- 5) = 13 

7 

13 to (13 H- 5) = 18 

18 to (18 H- 5) = 23 

12 

23 to (23 H- 5) = 28 

28 to (28 H- 5) = 33 = 1 

1 


The table shows that winding connections stated from coil-side No. 1 finishes at the same coil 
side, thus, form a closed circuit. 

The ring or spiral winding diagram of a wave wound armature is shown in Fig. 4.40. 
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_ Motion 

(Direction of rotation) 



Fig. 4.39 Developed winding diagram 


Brush Position 

1. The direction of induced emf in various coil-sides is marked as per the following grouping (see 
Fig. 4.39): 


Downward 

Upward 

Downward 

Upward 

Downward 

Upward 

(N-Pole) 

(S-Pole) 

(N-Pole) 

(S-Pole) 

(N-Pole) 

(S-Pole) 

1-5 

6-10 

11-16 

17-21 

22-26 

27-32 

(5) 

(5) 

(6) 

(5) 

(5) 

(6) 


2. The direction of induced emfs in various coil-sides is also marked in the spiral winding diagram, 
shown in Fig. 4.40. 

nnnnnnnnnnnnnnnn 

1 6 11 16 21 26 31 4 9 14 19 24 29 2 7 12 17 22 27 32 5 10 15 20 25 30 3 8 13 18 23 28 

Fig. 4.40 Spiral winding 

3. Figure 4.40 shows that whole winding is divided into two portions between N to M and M 
to N. 

4. From Fig. 4.40, it is clear that point Af is a position where induced emfs are separating, but this 
position is at the back and does not fall at the commutator end. Therefore, negative brush may 
be placed either at position P or Q i.e., either at commutator segment number 6 or 11. 

5. Similarly, from Fig. 4.40, it is clear that point M is a position where induced emfs are meeting, 
but this position is at the back and does not fall at the commutator end. Therefore, positive brush 
may be placed either at position Ror S i.e., either at commutator segment number 14 or 3. 

6 . If negative brush is placed at P, the corresponding position of positive brush will be R. However, 
if the negative brush is placed at Q, the corresponding position of positive brush will be S. 

1. The two parallel paths thus formed are shown in Fig. 4.41. 


U W U V < 




Fig. 4.41 Parallel paths 

8 . It is important to note that the direction of induced emf marked in coil-side number 11 and 27 is 
opposite when shown in the circuit diagram (see Fig. 4.41) in comparison to developed winding 
diagram shown in Fig. 4.39. 

In fact, these two coil-sides, at this particular instant, are passing through magnetic neutral axis 
and the induced emf in these conductors is zero. Hence, they do not affect the system. 


4.15 Applications of Lap and Wave Windings 

The lap winding contains more number of parallel paths and provides large current. Hence, this 
winding is applied to the generators which are to deliver more current. Wave winding is more suitable 
for small generators specially these are meant for 500-600 V circuits. 

The main advantage of wave winding is that it gives more emf than lap winding for given 
number of poles and armature conductors, whereas, the lap winding would require large number of 
conductors for the same emf This will result in higher cost of winding and less utilisation of space 
in the armature slots. 

Moreover, in wave winding, equalising connections are not necessary, whereas in lap winding these 
are required definitely. It is because, in wave winding the conductors of the two paths are distributed 
in such a way that they lie under all the poles, therefore, any inequality of pole fluxes affects two 
paths equally, hence their induced emfs are equal. But, in lap winding, each parallel path contains 
conductors which lie under one pair of poles, hence unequal voltages are produced which set-up a 
circulating current causing sparking at the brushes. 

Thus, in general practice, wave winding is preferred, the lap winding is only used for low-voltage, 
high-current machines. 


Section Practice Problems 


Numerical Problems 

1. Draw a developed winding diagram of progressive lap winding for 4 pole, 24 slot with one coll side per 
slot, single layer winding showing there In position of poles, direction of motion, direction of Induced emf 
and position of brushes. 

2. Design and draw a 2 layer progressive duplex lap winding for a 4 pole DC generator with 16 slots. Show 
the position of brushes and their polarity. Also draw a diagram representing number of parallel paths thus 
formed. 


3. 


Prepare a winding diagram for a four-pole wave connected armature of a DC generator having 22 coll sides. 
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Sho rt Answer Type Questions 

Q.1. Define statically and dynamically induced emf. 

Ans. When flux linking with the coil changes on emf is induced in the coil is called statically induced emf, 
in this case both coil and magnetic field system are stationary. 

When a constructor cuts across the magnetic field an emf is induced in the conductor is called 
dynamically induced emf, in this case either conductor on the magnetic field system is moving (or 
rotating). 

Q.2. Why is commutator employed in DC machines? 

Ans. Commutator in employed in DC machines: 

1. To convert AC into DC, in generator action, to deliver DC electric power to the load. 

2. To convert DC into AC, in motor action, to develop unidirectional torque in armature. 

Q.3. Define coil pitch and coil span. 

Ans. Coil pitch or Coil span: The distance between two sides of the same coil is called coil pitch or coil span. 

The coil-pitch is usually expressed in terms of number of armature conductor or number of slots 
between two sides of the same coil. 

The coil span is usually expressed in terms of angular displacement (electrical angle) between the two 
sides of the same coil. 

Q.4. Define resultant pitch. 

Ans. The distance in terms of number of armature conductor or number of slots between the start of one 
coil and the start of next coil to which it is connected is called resultant pitch. 

Q.5. Explain the difference between integral slot and fractional slot winding. 

Ans. The winding in which the number of armature slots per pole give an integer (whole number), the winding 
is called integral slot winding. 

The winding in which the number of armature slots per pole gives fractional value, the winding is called 
fractional slot winding. 

Q.6. Define the factors and state benefits of short pitched coils. 

Ans. The advantage of short pitched winding is that in this case the copper used for end connections is 
reduced substantially which reduces the cost of machine. If also improves the commutation (reduction 
of sparking at brushes) because inductance of overhang connections is reduced. Moreover, it reduces 
the copper losses and improves the efficiency to some extent. Hence, many a times short pitched 
winding is used. 

Q.7. What are equaliser rings and why are they used? 

Ans. Equaliser rings and their use: An equaliser is a copper wire having very low resistance and is used to 
connect the points of different parallel paths of armature winding which should have same potential 
under ideal conditions. These equaliser rings carry the circulating current and relieve the brushes to 
carry these circulating current. Under this condition, the brushes are to carry only the load current. 

Q.8. What is the basic principle on which a generator operates? 

Ans. A generator operates on the basic principle of production of dynamically induced emf (electro-magnetic 
induction). 
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Q.9. Why is the pole shoe section of a DC machine made larger than pole core? 

Ans. The pole shoe is made larger because it is to support the field coils and spreads out the flux over the 
armature periphery more uniformly. The larger x-section area reduces the reluctance of the magnetic 
path. 

Q.10. Is it necessary to use a large number of coils and commutator segments with the coils evenly 
distributed around the surface of the armature of a DC machine? 

Ans. Yes, it is necessary it provides practically constant unidirectional voltage at the brushes. 

Q.11. Why the armature of a DC machine is made of laminated silicon steel? 

Ans. To reduce hysteresis and eddy current loss. 

Q.12. In large DC machines electro-magnets are preferred over permanent magnets, why? 

Ans. On account of their greater magnetic effect and field strength regulation. 

Q.13. In small DC machine, cast iron yokes are preferred, why? 

Ans. Because of their low cost. 

Q.14. Why fractional pitch winding is preferred over full pitch winding? 

Ans. To effect saving in the copper of end connections and to have improved commutation by reducing 
inductance effect of overhang. 

Q.15. What for brushes are employed in DC generator. 

Ans. The brushes are employed to collect current from the commutator and supply it to the external load circuit. 

Q.16. For what type of DC machine, wave winding is employed? 

Ans. For low current and high voltage rating machine. 

Q.17. Which are the different types of armature windings commonly used in DC machines? 

Ans. Lap and wave windings. 

Q.18. For what type of DC machine lap winding is employed? 

Ans. For high current and low voltage rating machine. 

Q.ig. Why equaliser rings are used? 

Ans. Equaliser rings are used in lap wound machines to avoid unequal distribution of current at the brushes, 
thus reducing sparking at the brushes. 

Q.20. In which type of armature winding equaliser connections are used? 

Ans. In lap winding. 


4.16 emf Equation 

Let, P = Number of poles of the machine. 

(j) = Flux per pole in Wb 
Z = Total number of armature conductors. 
N = Speed of armature in rpm 
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A = Number of parallel paths in the armature winding. 


In one revolution of the armature; Flux cut by one conductor 
= Wb 

Time taken to complete one revolution, t = 60/N second 
Average induced emf in one conductor, 


Pcj) _ Pcj) 
t “ 60 / A 


P^N 

60 


volt 


The number of conductors connected in series in each 
parallel path = ZM. 

Average induced emf across each parallel path or across 
the armature terminals. 


or 


E = 

E = 


p^N 

60 

PZ(j)n 

A 


Z _ PZtjtN 
A ~ 60A 


volt 


...(4.4) 


where n in speed in r.p.s. 



Fig. 4.42 A portion of a DC 
machine 


i.e.. 


n = 


A_ 

60 


For a given machine, the number of poles and number of conductors per parallel path (Z/A) are 
constant. 


or 

or 


E = K (hn where K = —— is a constant ox Ex 6 n 
A 

PZ 

E = K, 6N where K, = is another constant ox E x 6N 
‘ ^ 60A 

Ex (h (o where co = is the angular velocity in radian/second 

60 


...(4.5) 


Thus, we conclude that the induced emf is directly proportional to flux per pole and speed. 
Moreover, the polarity of the induced emf depends upon the direction of magnetic field and the 
direction of rotation. If either of the two is reversed, the polarity of induced emf i.e., brushes is 
reversed, but when both are reversed the polarity does not change. 

This induced emf is fundamental phenomenon to all DC machines whether they are working as 
generator or motor. However, when the machine is working as a generator, this induced emf is called 

generated emf and is represented as E , i.e., E = volt. 

^ ^ 60A 


Whereas, in case the machine is working as a motor, this induced emf is called back emf as it 
acts opposite to the supply voltage V. Then E^ = volt. 

DU/i 


4.17 Torque Equation 

We know that when a current carrying conductor is placed in the magnetic field a force is exerted 
on it which exerts turning moment or torque (F x r) (see Fig. 4.43). This torque is produced due to 
electro-magnetic effect, hence is called electromagnetic torque. 
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Let P = No. of poles. 

(j) = Flux per pole in Wb. 
r = Average radius of armature in metre. 

/ = Effective length of each conductor in metre. 
Z = Total armature conductors. 

I = Total armature current. 

a 

A = No. of parallel paths. 

Average force on each conductor, F = Bil newton 

Torque due to one conductor = F x r newton metre 
Total torque developed in the armature, 

T = ZFr newton metre 



Fig. 4.43 Conductor placed 
on armature of radius ’r’ 


or T = ZB i I r 

Now, current in each conductor, i = I^/A 
*Average flux density, B = (j)la 

where ‘a’ is the X- sectional area of flux path at radius r. 

tesla 


Obviously, 


2nrl 2 D 
a = —;^m .'. B = 


P 2k r I 

Substituting these values in equation (i), we get 

T=Zx 2 ^^X^X Ixr orT= Nm 

2nrl A In A 

Alternately, The power developed in the armature is given as 

2kN 


...(4.6) 


El = coT or El 


60 


■ xT 


(As above) 

For a particular machine, the number of poles (P), number of conductors per parallel path (Z/A) 
are constant. 

<b1 P7 

T = K ——^ where K = —- is a constant 
2k a 

The constant K for a given machine is the same for the emf equation as well as the torque equation. 


Also, T=K,,(j)I where X, = 


PZ 
2;i: A 


is another constant. Thus, Tx (h\ 

’ T a 


...(4.7) 


If B= flux density in tesla; 0= arc angle subtended by the pole shoe; /= length of pole shoe; r= radius of pole shoe. Then, 

fi 

(l)= Bx a = B X 2nr x / weber 
360 
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Thus, we conclude that torque produced in the armature is directly proportional to flux per pole 
and armature current. Moreover, the direction of electromagnetic torque developed in the armature 
depends upon the direction of flux or magnetic field and the direction of flow of current in armature 
conductors. The direction of torque produced and hence the direction of rotation is reversed if either 
of the two is reversed. But when both are reversed the direction of torque does not change. 

Example 4.8 

An eight pole lap wound DC generator has 960 conductors, a flux of 40 m Wb per pole and is driven 
at 400 rpm. Find OC emf 


Solution: 


Open circuit emf, E = 




60A 

where, ^ = 40 m Wb = 40 x 10“^ Wb; Z = 960; N = 400 rpm; P = 8 
A = P = 8 (lap winding) 

p 40 X 10“^ X 960 X 400 x 8 ^ 

-6078- =256V(An..) 


Example 4.9 

A 4-pole, DC machine is having 500 wave wound conductors and running at 1000 rpm. The flux 
per pole is 30 m Wb. What will be the voltage induced in the armature winding. 


Solution: 

Here, 


Generated voltage. 


P = 4; A = 2 (Wave wound); Z = 728; N = 1800 rpm; 
= 35 m Wb = 35 X 10-^ Wb 


^ZNP 

60A 


35 X 10~^ X 728 X 1800 x 4 
60x2 


= 1528.8 V {Ans) 


Example 4.10 

A 4-pole, DC machine has 144 slots in the armature with two coil-sides per slot, each coil has two 
turns. The flux per pole is 20 m Wb, the armature is lap wound and if rotates at 720 rpm, what is 
the induced emf(i) across the armature (ii) across each parallel path? 


Solution: 

Here, P = 4;A = P = 4 (Lap wound); ^ = 20 m Wb = 20 x 10 Wb; N = 720 rpm 

No. of slots = 144 with 2 coil sides per slot and each coil has two turns 
Z = 144 X 2 X 2 = 576 


Induced emf across armature, E = 

g 


(jtZNP 

60A 


20 X 10~^ X 576 X 720 X 4 
60x4 


= 138.24 V (Am^.) 


Voltage across each parallel path = E^ = 138.24 V {Ans) 
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Example 4.11 

A six-pole machine has an armature with 90 slots and 8 conductors per slot, the flux per pole is 0.05 
Wb and rms at 1000 rpm. Determine induced emf if winding is (i) lap connected (ii) wave connected. 

Solution: 

Here, P = 6 ; ^ = 0.05 Wb; N = 1000 rpm 
No. of slots = 90 each slot with 8 conductors 
Z = 90 X 8 = 720 

(0 When lap connected: A = P = 6 

Induced emf, £ = 

« 60A 

{ii) When wave connected: A = 2 

Induced emf, £ = 

« 60A 

Example 4.12 

A DC generator carries 600 conductors on its armature with lap connections. The generator has 8 
poles with 0.06 Wb useful flux. What will be the induced emf at its terminals if it is rotated at 1000 
rpm? Also determine the speed at which it should be driven to induce the same voltage with wave 
connections? 


0.05 X 720 X 1000 X 6 
60x6 


= 600 V {Ans.) 


0.05 X 720 x 1000 x 6 
60x2 


= 1800 V {Ans.) 


Solution: 

Here, P = %-,Z= 600; cj) = 0.06 Wb; N = 1000 rpm. 


A = P = % (when lap wound) 


Induced emf, £ 

’ g 


(j)ZNP 

60A 


0.06 X 600 X 1000 X 8 
60x8 


= 600 V {Ans.) 


when wave wound, let the speed be N' rpm but £^ = 600 V 


Now, N' 


Eg X 60A 
0ZP 


600 X 60 X 2 
0.06 X 600 X 8 


= 250 rpm {Ans.) 


Example 4.13 

A wave wound armature of an eight-pole generator has 51 slots. Each slot contains 16 conductors. 
The voltage required to be generated is 300 V. What would be the speed of coupled prime mover if 
flux per pole is 0.05 Wb. 

If the armature is rewound as lap wound machine and run by same prime mover, what will be 
the generated voltage. 


Solution: 

Here, P = 8 ; ^ = 0.05 Wb; No. of slots = 51; conductors per slot = 16 


Z = 51 X 16 = 816 
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When the machine is wave wound, A = 2 and = 300 V 
Now, 

Speed, N 


^ ^ (pZNP ^ a05 X 816 X N X 8 


60A 

300 X 60 X 2 


60 X 2 

110.3 rpm (Ans.) 


0.05 X 816 X 8 

When the machine is rewound as lap winding, A = P = % and N = 110.3 rpm. 

0.05x816x110.3x8 


E = 


60x8 


= 75 V {Ans) 


Example 4.14 

A six-pole lap wound armature rotating at 350 rpm is required to generate 260 V. The effective flux 
per pole is about 0.05 Wb. If the armature has 120 slots, determine the suitable number of conductors 
per slot and hence determine the actual value of flux required to generate the same voltage. 


Solution: 


Here, P = 6; A = P = 6; N =350 rpm; = 260 V; ^ = 0.05 Wb 


Now, 

or 



(jtZNP _ 0.05 xZx 350 x 6 

60A ” 60x6 

260 X 60 X 6 ^ 260 x 24 
0.05 X 350 X 6 7 


No. of conductors/slot 


Z 

No. of slots 


260 X 24 
7 X 120 


= 7.43 s 8 (an integer) 


For 8 conductors/slot, Z = 120 x 8 = 960 


E X 60A 

Actual value of flux required, tj) = ^^jvip — 


260 X 60 X 6 
960 X 350 X 6 


= 0.0464 Wb {Ans) 


Example 4.15 

The emf generated by a 4 pole DC generation is 400 V, when the armature is driven at 1200 rpm. 
Calculate the flux per pole if the wave wound generator has 39 slots having 16 conductors per slot. 


Solution: 

Induced emf, E = 

« 60A 

where, F = 4; = 400 V; A = 1200 rpm; Z = 39 x 16 = 624; A = 2 (wave winding) 

Elux per pole, (j) = = 0-016 Wb = 16 mWb (Am^.) 

^ ^ ^ ZNP 624 X 1200 x 4 

Example 4.16 

The armature of a four-pole 250 V, lap wound generator has 500 conductors and rms of400 rpm. 
Determine the useful flux per pole. If the number of turns in each field coil is 1000, what is the 
average induced emf in each field coil on breaking its connection if the magnetic flux set-up by it 
dies away completely in 0.1 second? 
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Solution: Here, P = A-,E = 250 V; Z = 500; A = P = 4-,N = 400 rpm 


E„ X 60A 


260 X 60 X 4 
500 X 400 X 4 


: 0.075 Wb (Ans.) 


No. of turns of exciting winding, = 1000 


e= N,^ = 1000 X Q = 750 V (Ans.) 

* dt 0.1 

Example 4.17 

A four-pole generator has an induced emf of 250 V when driven at 500 rpm. The armature is lap 
wound and has 600 conductors. The radius of the pole shoe is 20 cm and it subtends an angle of 
60°. Calculate the flux density in the air-gap if the length of pole shoe is 18 cm. 

Solution: 

Here, P = 4, E = 250 V; N = 500 rpm; A = P = 4, Z= 600 


Flux per pole, f ■ 


^ ^ 250 X 60 X 4 

ZNP 600 X 500 X 4 


: 0.05 Wb 


Pole shoe arc = Inr X = 2k X 0.2 X = 0.21 m 
360 360 

Pole shoe area = Pole shoe arc x / = 0.21 x 0.18 = 0.0378 


Flux density in air gap = ^ 

area 0.0378 


1.323 tesla (Ans) 


Example 4.18 

A four-pole wave wound DC generator has 51 slots on its armature and each slot has 24 conductors. 
The flux per pole is 0-01 weber. At what speed must the armature rotate to give an induced emf of 
220 V. What will be the emf developed if the winding is lap connected and the armature rotates at 
the same speed. 


Solution: 


Induced emf, E 


, _ 0ZNP 
« “ 60A 


where, f = 0-01 Wb; Z = 51 x 24 = 1224; E = 220 V; P = 4; A = 2 (wave winding). 


0 ■ 01 X 1224 X N X 4 
60x2 


220 X 60 X 2 
0 • 01 X 1224 X 4 


: 539-21 rpm (Ans.) 


For lap winding, A = P = 4; 


0 ■ 01 X 1224 X 539 ■ 21 X 4 
60x4 


110 V (Ans) 
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Example 4.19 

A four-pole, wave wound DC armature has a bore diameter of 84 cm. It has 600 conductors and the 
ratio of pole arc to pole pitch is 0.8. If the armature is running at 360 rpm and the flux density in 
the air gap is 1.2 tesla, determine the induced emfin the armature if the effective length of armature 
is 20 cm. 


Solution: 

Here P = 4; A = 2 (wave wound); Z = 600; N = 360 rpm 

Armature bore diameter, D = 84 cm = 0.84 m 

n 1 t u Jt X bore diameter k X 0.84 „ 

No. of poles 4 

Pole shoe arc = Pole pitch x Pole arc ^ q ^ ^ g ^ ^ ^28 m 

Pole pitch 

Pole shoe area, a = Pole shoe arc x Pole length 
= 0.528 X 0.2 = 0.1056 m^ 

Flux per pole, (j) = B x a = 1.2 x 0.1056 = 0.12672 Wb 

Induced emf. E ^ = 0.12672x 600 x360x4 , ,, ^ 

« 60A 60 X 2 


Example 4.20 

A four-pole DC generator has rated armature current of 200 A. If the armature is lap-wound, 
determine the current flowing through each parallel path of the armature. What will be its value if 
the armature is wave wound? 


Solution: 

Here, P = 4;A = P = 4 (lap winding); = 200 A 
For lap-wound maczhine, current in each parallel path 


= :^ = ^ = 50 A (Ans) 
A 4 

For wave-wound machine, current in each parallel path 


= :^ = ^ = 100 A {Ans) 


Example 4.21 

A four-pole lap-connected DC machine has an armature resistance of 0.15 ohm. The total armature 
conductors are 48. Find the armature resistance of the machine when rewound for wave connections. 

Solution: 

Here, P = 4; = 0.15 ohm; Z = 48 
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For lap-winding, A = P = 4 

Resistance of each parallel path, 

No. of conductors in each parallel path = 

Resistance of each conductor = 
For wave-winding, A = 
No. of conductors in each parallel path = 
Resistance of each parallel path = 
Armature resistance, R = 

' a 


xA = 0.15 x4 = 0.6Q 


Z _ ^ 

A 4 

^ = 0.05 Q. 


4r = 24 
2 

24 X 0.05 = 1.2 n 


^ = 0.6 Q (Ans.) 


Example 4.22 

A DC machine running at 750 rpm has an induced emfof200 V. Calculate the speed at which the 
induced emfwill be 250 V (ii) the percentage increase in main field flux for an induced emfof250 
V at a speed of 700 rpm. 


Solution: 

Flere, = 200 V; = 750 rpm 

(0 £2 = 250V;A2=? 


(ii) £3 = 250 V, Aj = 700 rpm, ^3 =? 
We know E oc Ncj) 


(i) 


{ii) 


N2 _ ^2 „ 01 - A 


^2= IS X 750 = 937.5 rpm. 


A 


200 

E- 

03 


^ 3 ■ ■ 01 03 ^ -^3 ■ ■ 

Ai 03 £[ 0 [ £[ A 3 


250 750 

200 700 


1.34 


%age increase in flux = 1.34% (Ans.) 


Example 4.23 

A 50 HP, 400 V, 4 pole, 1000 rpm, DC motor has flux per pole equal to 0.027 Wb. The armature having 
1600 conductors is wave connected. Calculate the gross torque when the motor takes 70 ampere. 


Solution: 

Torque developed, T = 
Where, P = 

T = 


^0Z4 

2nA 

4; 0 = 0.027 Wb; Z = 1600; 1^ = 70A; A = 2 (wave connected) 


4x0.027x1600x70 


= 963 Nm {Ansi) 


2 x;r x2 
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Example 4.24 

The induced emfin a DC machine is 220 volts at a speed of1500 rpm. Calculate the electromagnetic 
torque developed at an armature current of 20 A. 


Solution: 

Here E = 220 V', N = 1500 rpm; 1^ = 20 A 
Power developed in the armature 


or 


a>T = EJ 

e b a 


T = 


Etlg 

0 ) 




2nN / 60 


220 X 20 X 60 
2k X1500 


= 23.87 Nm {Ans) 


Example 4.25 

The electromagnetic torque developed in a DC machines is 80 Nmfor an armature current of 20 A. 
Eind the torque for a current of 30 A. What is the induced emffor a speed of 900 rpm? 


Solution: 




^a2 


(Assuming flux remains constant) 


Now 


^e2 


^e2 


80 X = 120 Nm (Ans.) 


kcj)- / 2 = 2 ;t r 2 or 


2n X 120 
30 


8;r 


Now E = kn<j)= = 376.8 volt (Ans.) 


(•■• <I>2 = A = 


4.18 Armature Reaction 

When a DC generator is loaded, a current flows through the armature conductor in the same direction 
as that of the induced (or generated) emf The armature conductors carrying current, produce their 
own magnetic field called armature field. 

The effect of armature field produced by the armature current carrying conductors on the main 
magnetic field is known as armature reaction. 

Let us see the effect of armature field on the main magnetic field when the generator is loaded. 

Consider a bipolar generator. At no-load, no current flows through the armature conductors and the 
flux distribution in the armature is shown in Fig. 4.44. The vector OF^ represents the mmf produced 
by the main field. It is observed that the Magnetic Neutral Axis (MNA), which are perpendicular to 
the main field passing through the armature, and the Geometrical Neutral Axis (GNA) coincide with 
each other. The brushes (B^ and B 2 ) are always placed at MNA. Here, they are shown as touching 
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the armature conductors directly, but in reality they touch the commutator segments connected to 
these conductors. 

Geometrical Neutral Axis: The line passing through the geometrically central point between the 
two adjacent opposite magnetic poles is called geometrical neutral axis (GNA). 

Magnetic Neutral Axis: The line passing through the magnetically neutral position between the 
two adjacent opposite magnetic poles is called magnetic neutral axis (MNA). When a conductor 
(or coil) passes through these axis, no emf is induced in the conductor (or coil). 

When load is applied to the generator, current* flows through the armature conductors which 
sets up armature field as shown in Fig. 4.45. The vector OF^ represents the mmf produced by the 
armature field. 



Fig. 4.44 Main field produced by main poles Fig. 4.45 Field produced by armature conductors 

This armature flux interacts with the main flux and a resultant flux is set up in the armature as 
shown in Fig. 4.46. It can be observed that the resultant flux is no longer uniform. It is concentrated 
(becomes stronger) at the trailing pole tips and is rare (becomes weaker) at the leading pole tips. 

The resultant mmf is shown by the vector OF which is the vector sum of OF and OF.. Thus, the 
MNA are shifted to new position displaced from its original position by an angle 9. 

The new position of magnetic neutral axis i.e., the shifting of axis by an angle 9 depends upon 
the magnitude of load applied on the generator. Larger the load, larger will be the shift or larger will 
be the value of angle 9. It means the shifting of MNA is not constant, it varies and depends upon 
the magnitude of load applied on the machine. Moreover, the shift is in the direction of rotation, (in 
generating action). 

As per the new position of MNA, the distribution of armature flux is shown in Fig. 4.47. The vector 
represents the new position of mmf producing resultant armature field. This armature field 
has two component (i) OF^ which is perpendicular to the main mmf OF^ and produces the cross 
magnetising effect, (h) which opposes the main mmf OF^ and produces the demagnetising 
effect. 

* The direction ot fiow of current in armature conductors is determined by Flemming’s right hand rule. The direction of 
induced emf and direction of flow of current is the same. 
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Thus the armature magnetic field produces. 

(i) Cross magnetising effect which creates a magnetic field in between the two adjacent opposite 
poles where brushes are placed for commutation. 

iii) Demagnetising effect which weaken the main magnetic field and changes the flux distribution 
such that at trailing pole tips the flux is strengthened and at leading pole tips the flux is weakened. 




Ill-effects of armature reaction 

The above two effects caused by the armature reaction lead to poor commutation (increases sparking 
at the brushes or at the commutator surface) and increases iron losses. Let us see how it happens; 

(i) Sparking at brushes: During commutation i.e., when a coil is short circuited by the brushes 
through commutator segments should have zero emf induced in it. That is why the brushes 
are usually placed along the interpolar axis where the flux cut by the coil is zero and no emf 
is induced in it. But due to armature reaction the magnetic neutral axis (MNA) are shifted and 
the coil which undergoes commutation induces some emf causing sparking at the brushes. At 
heavy loads, the induced emf in the commutating coil may be so high that it may produce a 
spark that may spread around the commutator surface forming a ring of fire. By all means, it 
has to be avoided otherwise it would damage the commutator surface and brushes. 

(ii) Iron losses: The flux density in the leading and trailing pole tips is changing due to change in 
load on the generator or due to armature reaction. This change in flux density causes more iron 
losses in the pole shoes. 


4.19 Calculations for Armature Ampere-turns 

Armature reaction causes demagnetising and cross-magnetising effect. Due to armature reaction, 
let the MNA be shifted ahead by an angle 6. The new position of MNA is represented by line AB. 
Draw another line CD making the same angle 9 with GNA but in opposite direction as shown in Fig. 
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4.48. It may be observed that all the conductors lying between AOC and BOD carry current in such 
a direction mm/produced by them in opposite to the main mmf. These conductors cause demagnetising 
effect and these turns are known as demagnetising turns. 

All other turn lying between angle AOD and COB produce 
cross magnetising mm/and are called cross-magnetising turns. 

Let Z = total number of armature conductors 
A = No. of parallel paths 
9* (mech.) = angle by which MNA is shifted 
P = No. of poles 
I = armature current 



Current per parallel path or current in each conductor, 4 “ ^ 

I Z I z 

Total armature ampere-turns = I since turns = — 


Fig. 4.48 Angle of shift due to 
armature reaction 


Total ampere-turns per pole = 


4 ^ 

IP 


...(4.8) 


Demagnetising ampere-turns = ampere-turns lying with in the angle (AOC -H BOD) 


“ 7.0 0 

Demagnetising ampere-turns/pole, i47\ = 

^ ^ 360 360 


iz. 

2 

2 


26 + 26 
360 


2 ' 


A6 

360 


--LZ 


26 

360 


I Z I Z6 

Cross magnetising ampere-turns/pole, AT = -^ 7 — 

2P 360 


= LZ 


J_ 

2P 


6 

360 


...(4.9) 

...(4.10) 


Example 4.26 

A six-pole generator has 666 wave wound conductors on its armature. It delivers 166 ampere at 
full-load. If the brush lead is 6° mechanical, calculate the armature demagnetising and cross- 
magnetising ampere-turns per pole. 

Solution: 

Here, P = 4; A = 2 (wave-wound); Z = 600; = 100 A; 6=6° 

Current in each conductor, / = -f = 

A 2 

Q 

Demagnetising ampere-turns/pole, AT^ = fZ. 


= 50 A 

= 50 X 600 X = 500 (Ans) 


* In a bipolar machine mechanical angle is 360° and the electrical angle is also 360°, whereas, in tour-pole machine mech. 

P 

angle is 360° but the electrical angle is 720° i.e., electrical angle = 2 x mech. angle or electrical angle = ^ mech. angle. 
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Cross-magnetising ampere-turns/pole, AT = I^Z. —— — 

\ j 

= 50 x 600x(^-5|)=2000(A„.) 

Example 4.27 

A 250 kW, 500 V, 4 pole lap wound armature has 720 conductors. It is given a brush lead of 3° 
mechanical from its geometrical neutral axis (GNA). Calculate demagnetising and cross magnetising 
ampere-turns per pole. Neglect shunt field current. 


Solution: 

Here, Load = 250 kW; L = 500 V; P = 4; Z = 720; 9=3° (mech.) 


Load current, 
Armature current I 

a 

No. of parallel paths, A 


250 X1000 
500 


= 500 A 


= 500 A (shunt field current neglected) 
P = 4 (lap wound) 


I = Ij- = ^ =125 A 
° A 4 


Demagnetising ampere-turns/pole. 


'°~'360 

Cross-magnetising ampere-turns/pole, 
AP = PZ I - 


AT, = fZ.^ = 125 X 720 X ^ = 750 (An..) 


6 


2P 360° 


= 125 X 720 X 


-i_ 


2x 4 360/ 


= 10500 (Ans.) 


Example 4.28 

A four-pole motor has a wave wound armature with 720 conductors. The brushes are displaced 
backward through 4 degree mechanical from GNA. If the total armature current is 80A, calculate 
demagnetising and cross-magnetising ampere-turns per pole. 


Solution: 


Here, P = 4; A = 2; Z = 720; 6>=4;4=80A 


Current in each conductor, I = 
Demagnetising ampere-turns/pole, AT, = 
Cross-magnetising ampere-turns/pole, AP, = 


Ll 

A 


2 


L2. 


360 




40A 

40 X 720 X = 320 (An..) 



40 X 720 X 


\2x4 



3280 (An..) 
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Example 4.29 

A 250 V, 10 kW, 8 pole DC generator has single turn coils. The armature is wave-wound with 90 
commutator segments. If the brushes are shifted by 2 commutator segments at full-load, calculate 
(i) total armature reaction ampere-turns (ii) demagnetising ampere-turns and (Hi) cross-magnetising 
ampere-turns. 

Solution: 

Here, Load = 10 kW; V = 250 V; P = 8;A = 2 (wave wound) 

No. of commutator segments = 90 

Brush shift = 2 commutator segments 

Load current; 4 = 250^^^ = 40 A 

Armature current, I = /, = 40 A 

Current per conductor, I = -^ = ^ = 20A 
^ <^2 2 

Total armature conductors, Z = No. of commutator segment x No. of parallel path = 90 x 2 = 180 
Brush shift, 0 = ^ X 360 = 8 ° (mech.) 

(i) Total armature-reaction ampere-turns/pole = (Ans.) 

2^1 ^ X o 

B 8 

(ii) Demagnetising ampere-turns/pole = 4^ -“ 40 X 180 X = 160 (Ans.) 

1 Z I Z 0 

(Hi) Cross-magnetising ampere-turns/pole = -36(4 ~ - 160 = 290 (Ans.) 

Example 4.30 

A 150 kW, 250 V, 6pole lap wound generator has 600 conductors on its armature. Due to armature 
reaction if the MNA are shifted by 18° electrical, determine (i) demagnetising ampere-turns (ii) 
cross-magnetising ampere-turns (Hi) series turns required to balance the demagnetising component 
neglecting magnetic leakage. 

Solution: 

Here, Load = 150 kW; L = 250 L' P = 6 ; A = P = 6 ; Z = 600; 9 = 18° electrical 


Load current, 1, 


150 X1000 


600 A 


Armature current, 4 = 4“ ^ 


Current per conductor, / = = lOOA 

^ ° A 6 

Brush shift. 9 = = 4L = 6" (mechanical) 

P I 2 6/2 
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(0 

(i'O 


{Hi) 


Demagnetising ampere-turns, = 100 X 600 X = 1000 {Ans) 

Cross-magnetising ampere-turns, AT^ = ~ 350 ] 

= 100 x 600x(^-4j)=4«««(A„.) 

Series turns required to balance the demagnetising component = 


ATg ^ 

4 600 

I = 1.67 (Ans) 


4.20 Commutation 

In a DC machine, one of the major function is the delivery of current from the armature (rotating 
part) to the external circuit (stationary part) or vicenegativersa. This operation is conducted with the 
help of brushes and commutator. 

During this operation one of the armature coil moves from the influence of one pole to the other 
and consequently the current in this coil is reversed. While moving from one pole to the other the 
coil is short circuited by the brushes through commutator segments for fraction of a second (say 

about second). This operation is called commutation. 

Thus, the process in which a coil is short circuited by the brushes through commutator segments 
while it passes from the influence of one pole to the other is called commutation. In this process 
the current in the coil is reversed. 

The duration for which a coil remains short circuited is called commutation period. 


Explanation 

For better understanding, consider a machine having ring winding, a part of which is shown in Fig. 
4.49. Assume that the width of brush is equal to the width of commutator segment and the insulation 
between the segments is very thin (negligibly small). The current per conductor is f and the armature 
is rotating in such a direction, that coils are moving from left to right. Let the coil ‘B’ undergoes 
commutation. Step-wise explanation in given below: 

1. As shown in Fig. 4.49 (a), the brush is in contact with commutator segment ‘o’ and collects 
current 2f coming equally from both the sides. 

2. As the armature is moving, in the first step as shown in Fig. 4.49(h), the brush contact with 
segment ‘b’ starts increasing and contact with segment ‘a’ starts decreasing. Consequently, the 
current flowing towards the brush via segment ‘b’ starts increasing* and through segment ‘a’ 
starts decreasing. 


It may be noted that at first instant the current in segment ‘b’ is zero but at second instant its value is l|,-xand at the next 
instant it will become 1^ which will be move than (1^ - x). Similarly, at first instant current in segment ‘a’ was 2 1^ (i.e., 1^ + 
1^ = 21J which is reduced to 1^+ x and at the next instant it will be reduced to 1^ only. 
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It may be noted that current in coil ‘B’ decreases from to x. 


Motion Motion 

DCBA DCBA 



(c) 


(d) 


Motion 



Fig. 4.49 Commutation during brush shifts from segment ‘a’ to ‘b’ 


3. At the next instant, as shown in Fig. 4.49(c), the brush is at the centre of both the segments ‘b’ 
and ‘a’ and covers half of the area of both the segments. At this instant brush is drawing equal 
current (/^) from both the segments ‘b’ and ‘a’ and its total value is 2/^. 

It may be noted that current in the coil ‘B’ at this instant reduces to zero. 

4. Further at the next instant, as shown in Fig. AA9{d), larger area of segment ‘6’ has come in 

contact with the brush than segment ‘a’. Accordingly, brush draws more current (/^ + y) from 
segment ‘V and draws smaller current from segment ‘a’. 


it may be noted that at each instant current drawn by the brush is 2i^. First instant, 2i^; second instant (ij-x+ i^ + x = 2i^); 
third instant (i^t 1^ = 2iJ; fourth instant (I,, + y + i^-y = 2iJ. 


















DC Generator 


357 


It may be noted that current in the coil ‘B’ has reversed and starts increasing. 

5. At the next (final) instant, as shown in Fig. 4.49(e), the brush completely comes in contact with 
segment and draws equal current from both the sides. 

It may be noted that current in the coil ‘5’ has totally reversed and obtains its rated value 7^. 


Thus, the commutation process is completed for coil ‘5’. The same process continues for the next 

coils to come (i.e., coil C, D and so on.). 

The reversal of current through a coil undergoing commutation may 
occur in any of the following manners (see Fig. 4.50): 

Curve-I. Shows linear commutation, where current changes from 
+7^ to -7^ uniformly. It is an ideal commutation and provides uniform 
current density at the brush contact surface. In this case, the power 
loss at the brush contact is minimum. 

Curve-2. Shows sinusoidal commutation. It results in satisfactory 
commutation. 

Curve-3. Shows an accelerated or over-commutation where the current 
attains its final value with a zero (quick) rate of change at the end of 
commutation period. Usually, it provides a satisfactory commutation. 



Curve 4. Shows a retarded or under-commutation where the final 
rate of change of current is very high. In such conditions sparking at 
the trailing edge of the brush is inevitable. 


Fig. 4.50 Curves for 
reversal of current 


Curve 5. Shows sharply accelerated commutation where the current may reach to its proper final 
value without a spark but it involves very high localised current densities at the brush contact leading 
to sparking and heating which further leads to deterioration of brushes. 


Curve 6. Shows sharply retarded commutation where current reaches to its final value which causes 
excessive current density under brushes resulting in sparking at the brushes. 


Conclusion 

From the above discussion, it is concluded that for satisfactory commutation, the current in the coil 
which undergoes commutation must be reversed completely during its commutation period T^. 


4.21 Cause of Delay in the Reversal of Current in the Coil going 
through Commutation and its Effect 

The main cause of delay in the reversal of current in the coil undergoing commutation is its inductive 
property. It is apparent that the coils placed in the armature may have large number of turns embedded 
in the magnetic core having high permeability, due to which it possesses appreciable amount of 
self-inductance. 

The inductive property of the coil undergoing commutation gives rise to a voltage called reactance 
voltage. This voltage opposes the reversal of current in it. Although, this voltage is very small, it 
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produces a large current in the coil whose resistance is very small under short circuit. Due to this, 
heavy sparking occur at the brushes. 

Thus, it is observed that even though the brushes are set at such a position that coils undergoing 
short-circuit are in the magnetic neutral axis where they are not cutting any flux and hence no emf is 
induced in them due to rotation of armature but there will be an emf induced due to self-inductance 
which causes severe sparking at the brushes. 

How to Offset this Reactance Voltage? 

To offset this reactance voltage, a voltage is produced in each coil as it passes through commutating 
period. This voltage is produced in the coil in such a direction that it offsets the reactance voltage 
and helps in reversing the current in the coil. Such a voltage is called the commutating emf. 

The necessary commutating emf can be produced either (i) by shifting the brushes in non-interpolar 
machines, beyond the position of MNA which is selected to neutralise the armature reaction, or (h) 
by strengthening the inter-poles more than that is necessary to neutralise the armature reaction flux. 


4.22 Magnitude of Reactance Voltage 

An approximate value for inductance (L) of a coil placed in the armature can be determined by 
Hobert’s formula. Hobart gave an experimental rule for determining inductance of a coil, i.e., 

L = (8 / H- 0.8 L) x IQ-® henry .. .(4.11) 

where, f = embedded length of coil in metre 

l^ = free length (over hang) of coil in metre 

n = number of turns of a coil 
Induced emf in a coil due to self-inductance, i.e.. 

Reactance voltage = L^ ...(4.12) 

where, di = Change of current during commutation 
= /-(-/) = 2 / 

dt = r (time for which the coil is short circuited) 

W.-W 

T = — - — second ...(4.13) 

Here, = brush width in metre 

= width (or thickness) of mica insulation 

= linear velocity of commutator 


60 
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Hence, reactance voltage = ( 8 /^ + O.HL).—^ X 10 ® volt ...(4.14) 

The above voltage is developed when only one coil is short circuited by the brush width. If brush 
width is such that it is short circuiting m coils, then 

9 21 X 

reactance voltage = mn(Sl^ + X 10^ V ...(4.15) 

G 

Example 4. 31 

A four-pole lap-wound DC machine has an armature of 20 cm diameter and runs at 1500 rpm. If 
the armature current is 120 A, thickness of the brush is 10 mm and the self-inductance of each coil 
is 0.15 mH, determine the average emf induced in each coil during commutation. 

Solution: 

Here, P = 4, A = P = 4, D = 20 cm = 0.2 m, I^ = 120 A; 

L = 0.15 mH = 0.15 x 10 ^ H; = 10 mm = 0.01 m 

,• , •, nDN ;r X 0.2 X 1500 ,^-7, _i 

Linear velocity, - = 15.71 ms ‘ 

Wu — W n 01 — n 

Commutation time, T = ^ = (W^ = 0 not given) 

= 636 X 10-3 = 0.636 ms 

Current per conductor, I = -f = = 30 A 

^ A 4 

21 -1 2 X 30 

Average reactance voltage = L.—- = 0.15xl0 x- 5 - 

Tc 0.636 X 10“^ 

= 14.15 V (Ans.) 


Example 4.32 

Calculate the reactance voltage for a six-pole wave connected generator if its speed is 300 rpm, 
diameter of commutator 1.4 metre, number of commutator segments 440, brush width 3 cm, length 
of each conductor 1 m, length of core 40 cm, turns per commutator segment 2 and armature current 
is 500 ampere. 

Solution: 

Here, P = 6 ; A = 2; A = 300 rpm; D = 1.4 
Linear or peripheral velocity. 


Period of commutation, = 


m; VT, = 3 cm; I = 500 A; n = 2 


nDN ;r X 1.4 X 300 


60 60 

_ 0.03 - 0 _ 0.03 


22 ms 


22 


22 


second 
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Current per conductor, /^ = ^ = = 250 A 

Length of conductor = 1 m 
Embedded length of conductor = 40 cm = 0.4 m 
Free length of conductor = 1 - 0.4 = 0.6 m 
Embedded length per turn, /^ = 2 x 0.4 = 0.8 m 
Free length per turn, /^ = 2 x 0.6 = 1.2 m 

Width of each segment = ^ = 0.01 m 

No. of segments 440 

Brush width, = 3 cm = 0.03 m 

No. of segments short circuited by the brush, m = = 3 

No. of turns per coil, n = 2 

Self-inductance, L = mn^ (8 l^ + 0.8 Ij) x 10“®H 

= 3 X 22 X (8 X 0.8 H- 0.8 x 1.2) x 10-® H 
= 88.32 X 10-® H 

Reactance voltage = L x ^ = 88.32 X 10^ X ^ ^ = 32.38 V (Ans) 


4.23 Good Commutation and Poor Commutation 

Good Commutation 

Good commutation means no sparking at the brushes and the commutator surface remains unaffected 
during continuous operation of DC machines. Efforts are made to obtain good commutation. 

Poor Commutation (Causes of sparking at brushes) 

A machine is said to have poor commutation if there is sparking at the brushes and the commutator 
surface gets damaged during its operation. Sparking at the brushes results in overheating at the 
commutator brush contact and pitting of commutator. These effects are cumulative, since any sparking 
impairs the contact which increases heating and further aggravates the situation. 

Poor commutation may be caused by mechanical or electrical conditions. The mechanical 
conditions for poor commutation may be due to uneven surface of the commutator, non-uniform brush 
pressure or vibrations of brushes in the brush holder etc. By making proper mechanical arrangements, 
the sparking due to mechanical conditions can be avoided (or eliminated). 

The electrical conditions for poor commutation is development of emf in the coils undergoing 
commutation which may be due to armature reaction or inductance effect of the coil. 
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The production of emf due to armature reaction in the coil undergoing commutation can be 
eliminated by providing interpoles or compensating winding on the machine. The production of 
emf due to inductance can be counter balanced either (i) by strengthening the interpoles more than 
that is necessary to neutralise the armature reaction flux or {ii) by shifting the brushes beyond the 
position of MNA which is selected to neutralise the armature reaction. 


4.24 Interpoles and their Necessity 

The narrow poles placed in between the main poles of a DC machine are called interpoles or 
commutating poles. 

Necessity 

Interpoles are provided in between the main poles of DC machine and are energised to such an 
extent that they must neutralise the armature field produced by the armature winding when machine 
is loaded. At the same time they must neutralise the emf induced due to inductance in the coil 
undergoing commutation. 

For illustration, 

Consider a coil ab placed on the armature, rotating in a uniform magnetic field. At this instant, when 
the induced emf in the coil ab which undergoes short circuit must be zero as shown in Figs. 4.51 (a) 
and {b). Then no current flows and there is no sparking at the brushes which are slipping from one 
commutator segment to the next. 




(a) Instant when induced emf in coil ab is zero (b) Bushes short circuiting the segments 


Fig. 4.51 Armature rotating in uniform magnetic fieid 


When load is applied, the armature conductors also carry current and produce their own magnetic 
field (j)^ in the direction shown in Fig. 4.52(fl). Thus coil ab undergoing commutation, this coil is short 
circuited for a small period. Although it is moving parallel to main field but at the same time it 
is cutting the armature field cj)^ at right angles. Hence, an emf is induced in the short circuited coil 
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ab as shown in Fig. 4.52(a). This produces lot of current in the coil and hence causes sparking at 
the brushes. 



Fig. 4.52 Interpoles neutralising the armature field 


The sparking at the brushes can be avoided by neutralising the armature field. For this, interpoles 
are provided in the DC machines which are placed in between the main poles as shown in Fig. 
4.52(1?). The flux produced by the interpoles, i.e., (j). must be equal to that of armature field tf)^. 
As is proportional to /^, therefore, the winding of the interpoles is connected in series with the 
armature as shown in Fig. 4.53(a) and 4.53(1'). Usually, the interpoles are tapered in order to ensure 
that there may not be saturation at the root of the pole at heavy overloads. At the same time the air- 
gap under the interpoles is kept larger (1.5 to 1.7 times) than that under the main poles in order to 
avoid saturation in the interpoles. 



(a) In DC series machines 


(b) In DC shunt machine 


Fig. 4.53 Connections of interpole winding 


4.25 Compensating Winding and its Necessity 

An armature reaction produces a demagnetising and cross-magnetising effect. The demagnetising 
effect is compensated by incorporating a few extra turns to the main-field winding, whereas, to 
neutralise the cross-magnetising effect a compensating winding is used. 
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In this case, a number of conductors or coils are embedded 
in the slots of the pole shoes and are connected in series with 
the armature winding in such a way that current flowing 
through these conductors or coils sets up a magnetic field which 
neutralises the cross-magnetising effect of armature field. This 
winding is known as compensating winding, as shown in Fig. 
4.54. 

When current flows through this winding, it sets up magnetic 
field which is equal and opposing to the cross-magnetising effect 
of armature field and neutralises it. Thus, no emf is induced 
in the coil passing through MNA and hence sparking at the 
brushes is eliminated. Thus, a sparkless or good commutation 
is obtained. 


Compensating 



Example 4.33 

Estimate the number of turns needed on each commutating pole of six-pole generator delivering 
200kW at 200V, given that the number of armature conductors is 540 and the winding is lap connected 
interpole air-gap is 1.0 cm and the flux density in the interpole air-gap is 0.3 Wb/m?. Neglect the 
effect of iron parts of the circuit and of leakage. 


Solution: 

Here, Load = 200 kW; F = 200 V; Z = 540; A = P = 6 


1. = 1.0cm = 0.01 m;B. = 0.3 Wb/m^ 

ig ’ ig 

Load current, I, = X 1000 = = 1000 A 


L V 

Armature current, 1=1, = lOOOA 


200 


Current per conductor, / = ^ = = 166.7 A 

Armature reaction ampere turns per pole = = 166^7 ^ = 7500 

2^1 X D 

/ B 

Ampere-turns for air gap flux per pole, AT. = —— = 0 01 ^ 0 3 _ 2335 

Po 4 k X 10“" 


Total ampere-turns required for each interpole, AT. = 7500 H- 2386 = 9886 

ip 

No. of turns for each interpole = ^ = 9.886 (Ansi) 


Example 4.34 

A four-pole, 20 kW, 400 V DC generator has a wave wound armature with 600 conductors. The 
mean flux density in the air gap of interpole is 0.5 tesla on full-load. If the air gap under interpole 
is 4 mm, calculate the number of turn required on each interpole. 
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Solution: 


Here P = A\A = 2 (wave-wound); load = 20 kW; V = 400 V; Z = 600; = 0.5 T; = 4 mm = 4x10 ^ m 


Load current, /, = 


kW X 1000 20 X 1000 


= 50 A 


Armature current, /^ = /^ = 50 A 

Current in each conductor, / = - 7 - = ^= 25 A 

‘'A 2 

Armature reaction ampere-turns per pole = = 1875 

.Zi Z X 4 


Ampere-turns for air-gap, AT. 


_ 0.5 X 4 X 10~^ 
Mo 47r X 10“^ 


Total interpole ampere-turns, AT.^ = 1875 + 1591 = 3466 


Number of turns on each interpole = 


^ip _ 3466 


= 69.32 (Ans.) 


Example 4.35 

A four-pole, lap wound DC generator carries 360 armature conductors and delivers a full-load 
current of400 A. Determine the number of turns of each Interpole if the air-gap flux of the interpole 
is 0.5 tesla and the effective air-gap length is 3 mm. Assuming that the number of ampere-turns 
required for the remaining magnetic circuit is only one-tenth of the air-gap. 

Solution: 

Here, P = 4-,A = P = 4 (lap winding); Z = 360; = 400 A 

Current per conductor, I = f-f = = 100A 

^ A 4 

Armature reaction ampere-turns per pole, AT = = ^^2 x 4^^ ~ 4500 

Inter-pole air gap, l.^= 3 mm = 3 x 10“^ m 
Flux density in the inter-pole air gap,B.^ = 0.5 T 


Ampere-turns required for inter-pole air gap : 


0.5 X 3 X 10 
471 X 10“^ 


1193.2 


Ampere-turns required for remaining magnetic circuit = 10% of 1193.2 = X 1193.2 =119.3 
Total ampere-turns required for the interpole = 4500 H- 1312.5 = 5812.5 


COI 2 ^ 

Number of turn on each interpole = — ' = 14.53 (Ans.) 

^ 400 
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Example 4.36 

A four-pole, 25 kW, 250 V wave-wound generator has 42 slots with 10 conductors per slot. The 
brushes are given a lead of 8° mechanical when the generator delivers full-load current. Calculate 
the number of turns on the compensating winding if the ratio of pole arc to pole pitch is 0.8. 

Solution: 

Here, = 4; A = 2 (wave-winding); Load = 25 kW; V = 250 V; Z= 42 x 10 = 420; 0=8° (mech.) 

Load current, 4 = >^1000 ^ 25 ^^1^000 = 100 A 

Armature current, f = Ii= 100 A 

Current per conductor, f=-j = = 50A 

Total armature reaction ampere-turns = -f — = = 2625 

^ IP 2x4 

Ampere-turns per pole for compensating winding 


Turns per pole for compensating winding = 


/„Z Pole arc 
X 


2P ' Pole pitch 
ATs for each pole face 


= 2625 X 0.8 = 2100 
2100 


100 


21 (Ans.) 


4.26 Methods of Improving Commutation 

Commutation may be improved by employing following methods. 

1. By use of high resistance brushes. High resistance carbon brushes help the current to be 
reversed in the coil undergoing commutation and reduces sparking at the brushes. 

2. By shifting of brushes. In this method, brushes are shifted to the new position of MNA so 
that no emfhe induced in the coil undergoing commutation. Thus, the sparking at the brushes 
is eliminated. But in this case, the position of MNA changes with the change in load on the 
machine and simultaneously the position of brushes cannot be changed. 

Hence, this method is employed in the machine which we do not have interpoles and the load 
on the machine remain almost constant. 

3. By use of interpoles or commutating poles. In this method, narrow poles are placed in between 
the main poles of a DC machine which re-energised to such an extent that they neutralise the 
field produced by the armature under load. Hence, no emf is induced in the coil which undergoes 
commutation. 

4. By use of compensating winding. In this method, a number of conductors or coils are embedded 
in the slots provided at the pole shoes faces and carry current of such a magnitude and direction 
that field produced by them neutralises the armature field and improve commutation. 
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Section Practice Problems 

Numerical Problems 

1. A four-pole, lap wound DC machine Is having 500 conductors on Its armature and running at 1000 rpm. 

The flux per pole Is 30 m Wb Calculate the voltage Induced In the armature winding. What will be Induced 
emf If the armature Is rewound for wave winding? (Ans. 250 M: 500 V) 

2. A 4-pole machine has an armature with 90 slots and 8 conductors per slot, the flux per pole Is 0.05 Wb 
and runs at 1200 rpm. Determine Induced emf If winding Is (I) lap connected (II) wave connected. 

(Ans. 720 y; 1440 V) 

3. A wave wound armature of a six-pole generator has 51 slots. Each slot contains 20 conductors. The 
voltage required to be generated Is 250 V. What would be the speed of coupled prime mover If flux per 
pole Is 0.07 Wb. 

If the armature Is rewound as lap wound machine and run by same prime mover, what will be the generated 
voltage. (Ans. 70 rpm; 83.3 V) 

4. The armature of a four-pole 200 V, lap wound generator has 400 conductors and rmsof 300 rpm. Determine 

the useful flux per pole. If the number of turns In each field coll Is 900, what Is the average Induced emf 
In each field coll on breaking Its connection If the magnetic flux set-up by It dies away completely In 0.1 
second? {kns. 0.1 Wb; 900 V) 

5. A four-pole, lap wound DC armature has a bore diameter of 70 cm. It has 540 conductors and the ratio 
of pole arc to pole pitch Is 0.72. If the armature Is running at 500 rpm and the flux density In the air gap 
Is 1.2 tesla, determine the Induced emf In the armature If the effective length of armature Is 20 cm. 

(Ans. 427.68 V) 

6 . The armature resistance of a four-pole, lap wound DC machine Is 0.18 ohm. What will be the value of 

armature resistance If the machine Is rewound for wave connections. (Ans. 0.720.) 

7. A current of 72A Is supplied by a four-pole lap wound DC generator with 480 conductors on Its armature. 

The brushes are given an actual lead of 12° (mechanical). Calculate the cross-magnetlsing ampere-turns 
per pole. (Ans. 792) 

8 . A four-pole DC generator supplies a current of 100A at full load. It has wave wound armature with 722 

conductors. If the brush lead Is 8° calculate the armature demagnetising and cross-magnetlsing ampere- 
turns per pole. (Ans. 802; 3710.5) 

9. A four-pole wave wound DC machine has an armature of 25 cm diameter and runs at 1200 rpm. If the 

armature current Is 140 A, thickness of brush Is 12 mm and the self Inductance of each armature coll Is 
0.14 mH, calculate the average emf Induced In each coll during commutation. (Ans. 25.64 V) 

10. Determine the number of turns on each commutating pole of a 6-pole machine If the flux density In the 
air gap of the commutating pole Is 0.5 Wb/m^ at full-load and the effective length of the airgap Is 4 mm. 
The full load current Is 600 A and the armature Is lap wound with 540 conductors. Assume the number of 
ampere-turns required for the remainder of the magnetic circuit to be one-tenth of that of the air-gap. 

(Ans. 10.4) 

11. A 420 V, four-pole, 25 kW DC generator has a wave-connected armature winding with 846 conductors. 

The mean flux density In the air-gap under the Interpoles Is 0.5 Wb/m^ on full load and the radial gap 
length Is 0.4 cm. Calculate the number of turns required on each Interpole. (Ans. 79.62) 
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S hort Answe r Type Questions 

Q.1. What is armature reaction? 

Ans. The effect of magnetic field set up by the armature current carrying conductors on the distribution of 
flux set-up by the main poles of a DC machine is called armature reaction. 

Q.2. Mention two unwanted effects of armature reaction? 

Or 

State the effects of armature reaction in DC machines. 

Ans. Demagnetisation or weakening of main field and cross-magnetisation or distortion of main field. 

Q.3. How will you define magnetic neutral plane (mnp)? 

Ans. The plane through the axis, along which no emf is induced in the armature conductors, is known as 
magnetic neutral plane. 

Q.4. Give the relation between electrical and mechanical angle in case of rotating machine. 

P 

Ans. In a multipolar machine, the electrical angle completed in one revolution is y x 360°, whereas 

mechanical angle is only 360°. 

A - IL a 

^elect. 2 

Q.5. In a DC machine without interpole to get improved commutation, whether the brush shift should 
be varied with change in load or brush shift should be fixed? 

Ans. Brush shift has to be varied with the change in load in a DC machine so as to lie along MNA to provide 
sparkless commutation. 

Q.6. Explain bad commutation. 

Ans. A machine is said to have poor or bad commutation if there is sparking at the brushes and commutator 
surface. The bad commutation may be caused by mechanical or electrical conditions. The mechanical 
conditions may be due to uneven commutator surface non uniform brush pressure, vibration of brushes 
in the brush holder etc. The electrical conditions include development of emtin the coil undergoing 
commutation due to armature reaction or due to inductance. 

Q.7. What is linear commutation? 

Ans. When current in a coil undergoing commutation changes from + /^to - /^uniformly, it is called linear 
commutation. It is an ideal commutation. 

Q.8. Name the factor that opposes reversal of current in a coil undergoing commutation. 

Ans. Self-inductance of the coil undergoing commutation opposes the reversal of current. 

Q.9. Why are the interpoles of a DC machine tapered? 

Ans. Interpoles are tapered in order to ensure that there may not be saturation at the root of the pole at heavy 
overloads. 

Q.10. What is the function of compensating winding in a DC machine? 

Ans. The compensating winding is used to neutralise the effect of armature reaction outside the influence 
of the interpoles. It also maintains uniform flux distribution under the faces of the main poles. 
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Q.11. In what way compensating winding is connected to the armature? 

Ans. The compensating winding is connected in series with the armature in a manner so that the direction 
of current through the compensating winding conductors in any poie face wiii be opposite the fieid 
produced by the armature current carrying conductors. 

Q.12. What is the role ot interpoles and compensating winding in DC machine? 

Ans. Both are used to neutralise the armature field produced by the current carrying conductors of the 
armature when machines are loaded. 

Q.13. What are disadvantages ot armature reaction? 

Ans. Armature reaction produces demagnetising and cross-magnetising effect on the main magnetic field. 

Because of armature reaction, the MNA are shifted due to which an emf is induced in the coil undergoing 
commutation which causes heavy sparking at brushes. 


4.27 Types of DC Generators 

D.C. generators are generally classified according to the methods of their field excitation. On the 
basis of this criteria, they can be classified as: 

1. Separately excited DC generators 

2. Self excited DC generators - these are further classified as: 

(i) Shunt wound DC generators 
{ii) Series wound DC generators 
(iii) Compound wound DC generators. 

(a) Long shunt compound wound generators 

(b) Short shunt compound wound generators. 

Except the above, there are also permanent magnet type DC generators. In these generators, no field 
winding is placed around the poles. These machines have fairly constant magnetic field. Although 
these machines are very compact but are used only in small sizes like dynamos in automobiles etc. 
The main disadvantages of these machine is that the flux produced by the magnets deteriorates with 
the passage of time which changes the characteristics of the machine. 


4.28 Separately-excited DC Generators 


A DC generator in which current is supplied to the field winding from 
an external DC source is called a separately excited DC generator. 
The flux produced by the poles depends upon the field current with 
in the unsaturated region of magnetic material of the poles (i.e., 
cj) oc /^), but in the saturated region, the flux remains constant. Its 
conventional diagram is shown in Fig. 4.55. 

Important relations: Here, (4.16) 

where I is armature current and I, is the line current. 

a L 



Fig. 4.55 Circuit diagram for 
separately excited DC generator 
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Terminal voltage, V = E^- 
If contact brush drop per brush (t>^ is known, 


V = E -I R -2 V, 


Power developed = E I: 

^ g a’ 


Power output = VI^ = VI^ 


...(4.17) 


4.29 Self-excited DC Generators 


A DC generator whose field winding is excited by the current supplied by the generator itself is 
called a self-excited DC generator. 

In a self-excited DC generator, the field coils may be connected in parallel with the armature, 
in series with the armature or partly in series and partly in parallel with the armature winding. 
Accordingly, the self-excited generators may be classified as 


(0 Shunt wound generators 
(ii) Series wound generators 
{Hi) Compound wound generators. 

(i) Shunt Wound Generators 

In a shunt wound generator, the field winding is connected across the 
armature winding forming a parallel or shunt circuit. Therefore, full 
terminal voltage is applied across the field winding. A very small current 
flows through it because this winding has many turns of fine wire 
having very high resistance (of the order of 100 ohm). Its conventional 

diagram is shown in Fig. 4.56. 

Important relations: 



Fig. 4.56 Circuit diagram 
for DC shunt generator 


Shunt field current, = VIR^^^ .. .(4.18) 

Where is the shunt field winding resistance. The field current is practically constant at all 
loads, therefore, the DC shunt machine is considered to be constant flux machine. 


Armature current, I = I, + I, 

’ <3 L sn 


...(4.19) 


Terminal voltage, V = E^- I^R^ 

Including brush contact drop, V = E^- I^R^-lv^^ .. .(4.20) 

Power developed = E^ /^; Power output = VI^ 
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(ii) Series Wound Generators 

In a series wound generator, the field winding is connected in series 
with the armature winding forming a series circuit. Therefore, full line 
current or armature current flows through it. Since the series field 
winding carries full load current, it has a few turns of thick wire having 
low resistance (usually of the order of less than one ohm). Its conventional 
diagram is shown in Fig. 4.57. 

Important relations: 

Series field current, 1 = I. = I (4.21) 

’ se L a...^ ' 

Series field winding resistance = 

Terminal voltage, V = E -1 R -1 R = E -1 {R + R ) 

gaasesega^a se' 

Including brush contact drop, V = E^-I^{R^ +R^)-2v^ ...(4.22) 

Power developed = E^I^, Power output = VI^ = VI^ 

Note: The flux developed by the series field winding Is directly proportional to the current flowing 
through It (I.e., 0 oc t^^). But It Is only true before magnetic saturation, after saturation flux becomes 
constant even If the current flowing through It Is Increased. 

(iii) Compound Wound Generators 

In a compound wound generator, there are two sets of field 
windings on each pole. One of them is connected in series 
(having few turns of thick wire) and the other is connected 
in parallel (having many turns of fine wire) with armature. A Rgh 

compound wound generator may be; 

(a) Long shunt in which the shunt field winding is connected in 
parallel with the combination of both armature and series 
field winding. The conventional diagram of lone shunt ^'9' Circuit diagram for long 
compound generator is shown in Fig. 4.58. '^unt DC compound generator 

Important relations 

Shunt field current, 

^sh 

Series field current, I = I = I +1 .. .(4.23) 

’ se a L sh ^ 

Terminal voltage, V = E -1 R -1 R 

® ’ g a a se se 

= E,-iJK + RJ 

Including brush contact drop, V = E^-I^ (R^ + R^J - 2 .. .(4.24) 

Power developed = E^ Power output = VI^ 




Fig. 4.57 Circuit diagram 
for DC series generator 
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{b) Short shunt in which the shunt field winding is connected 
in parallel with only armature winding. The conventional 
diagram of short shunt compound generator is shown in 
Fig. 4.59. 

Important relations 

Series field current, I = I, 

’ se L 



Shunt field current, 


sh 


y + hK 


R 


sh 


Fig. 4.59 Circuit diagram for short 
shunt DC compound generator 




R 


sh 


...(4.25) 


I 

a 


4 hh 


Terminal voltage. 


V=E -IR 


■I, R 

L i'l 


Including brush contact drop, V = E^ - I^R^ -R^^ - 2v^ 


...(4.26) 


Power developed = E^ 7^; Power output = VI^ 


Cumulatively and Differentially Compound-wound Generators 

In compound wound DC generators, the field is produced by the shunt as well as series winding. 
Generally the shunt field is stronger than the series field. When the series field assist the shunt field, 
the generator is called as cumulatively compound wound generator [see Fig. 4.60(a)]. However, 
when the series field opposes the shunt field, the generator is known as differentially compound 
wound generator [see Fig. A.OQib)]. 




(a) Cumulative (b) Differential 

Fig. 4.60 Winding position and direction of flow of current in shunt and series winding 


4.30 Voltage Regulation of a DC Shunt Generator 


At no-load, the voltage at the terminals of a shunt generator is maximum and is called no-load 
generated emf When load is applied on the generator, the terminal voltage decreases due to drop in 
the armature circuit. 
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Generated voltage or voltage at the terminals at no-load 

PtpZN 
^0 50A 

At full load, the terminal voltage is 

V = E -I ,„,R - V. 

g a(fl) a b 

Where, I = Full-load armature current 

’ a(fl) 

= Armature resistance 
= Total voltage drop at the brushes 

The rise in terminal voltage from full-load to no-load at constant speed of a DC generator is 
called its voltage regulation. It is expressed as a percentage of full-load terminal voltage i.e., 

Ea-V 

% Voltage regulation = —— x 100 .. .(4.27) 


Example 4.37 

A 12 kW, six-pole DC generator develops an emf of 240 at 1500 rpm. The armature has a lap 
connected winding. The average flux density over the pole pitch is 1.0 T. The length and diameter 
of the armature is 30 cm and 25 cm respectively. Calculate flux per pole, total number of active 
armature conductors. Power generated in the armature and torque developed when the machine is 
delivering 50 A current to the load. 


Solution: 


Flere, P = 6 ; V = 240 V; A = 1500 rpm; A = P = 6; 

B = 1.0 T,D = 0.25 m; / = 0.3 m; /^ = 4 = 50 A 


Flux per pole, ^ = 


Now, E = 

’ g 


P X ^ X / = 1.0 X ^ ^ X 0.3 = 0.0393 Wb (Ans.) 
P 6 

(jtZNP 

60 A 


E„ X 60A 

Z= ^- 

0 X A X P 


240 X 60 X 6 
0.0393 X 1500 X 6 


= 244 (Ans.) 


Power developed in the armature, P^ = E^I^ = 240 x 50 = 12000 W (Ans.) 

Torque developed, T=^= ^ = 12000 x60 ^ 4 ^ 

^ ^ 0 ) 2nN / 60 Iny. 1500 


Example 4.38 

A 12-pole DC shunt generator has 50 slots on its armature with 12 conductors per slot with wave 
winding. The armature and field winding resistance is 0.5 ohm and 60 ohm respectively. The generator 
is supplying a resistive load of 15 ohm at terminal voltage of300 V when running at a speed of 625 
rpm. Find the armature current, the generated emf and the flux per pole. 
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Solution: 

The conventional diagram is shown in Fig. 4.61. 



I — — 20A' 

R^ 15 ’ 

. _ V _ 300 _ 5 , 

Armature current. 

4 = 4 + 4a = 20 + 5 = 25 A {Ans) 

Generated emf. 

E = V-¥l R 

g a a 


= 300 + 25 X 0-5 = 312-5 V (Ans.) 

Now, 

_ 0ZAP 
« 60A 

where, Z = 50 x 12 

= 600; N = 625 rpm; P = 12; A = 2; 


/ X 600 X 625 X 12 
^ “ 60 X 2 


or ^ = 8-33 m Wb (Ans.) 


Ish II 



Fig. 4.61 Circuit diagram 
for shunt generation 


Example 4.39 

A four-pole shunt generator with lap connected armature has field and armature resistance of 50 Q 
andO.l Q respectively. The generator is supplying aloadof 2.4 kW at lOOV. Calculate the armature 
current, current in each conductor and generated emf 

Solution: 

Load current, = 

Shunt field current; = 

Armature current, I = 

Current in each conductor, I = 

Generated emf, E = 

’ g 


Example 4.40 

The useful flux of a four-pole, lap wound DC generator is 0.07 Wb. Its armature carries 220 turns 
and each turn has 0.004 ohm resistance, if its armature current is 50 A, running at a speed of 900 
rpm, determine its terminal voltage. 

Solution: 

Here, F = 4; A = 4 {lap - wound)', tj) = 0-07 Wb; N = 900 rpm; f = 50 A 


2.4 X 1000 

100 

V 100 


R 


sh 


50 


= 24 A 
= 2A 


Ish 


/^ + /^^ = 24 + 2 = 26 A (A/25’.) 

4 = ^ = 4.33 A {Ans) 

A 6 

V-¥l R 



100 + 26 X 0.1 = 102.6 V {Ans) 
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No. of armature conductors, Z = 2 x No. of turns = 2 x 220 = 440 

j ^ ^ PZthN 4 x 400 x 0 07 x 900 

Induced emf, ^ _ 


60 X 4 


= 462 V 


No. of turns connected in each parallel path = = 55 

Resistance of each parallel path = 55 x 0-004 = 0-22 ohm 

Four resistances, each of 0.22 ohm, are connected in 
parallel as shown in Fig. 4.63(fl). 

0 • 22 

.'.Armature resistance, R = —^— = 0 • 055 

a 4 

Terminal voltage, V = E-fR^ (generator action) 
= 462 - 50 X 0-055 
= 459-25 V (Ans.) 


M la= 50A 



L 

^ \ 

/ 0 


a 

R 1= 0.055Q 

d 

y 



(a) armature (b) Circuit diagram 

Fig. 4.63 Circuit diagram 


Example 4.41 

A four-pole DC shunt generator with a wave wound armature having 390 conductors has to supply 
a load of 500 lamps each of 100 W at 250 V. Allowing 10 Vfor the voltage drop in the connecting 
leads between the generator and the load and brush drop of 2 V. Calculate the speed at which the 
generator should be driven. The flux per pole is 30 m Wb and the value ofR^ = 0-05 ElandR^j^ = 65 Q. 

Solution: 

The conventional circuit diagram of the DC shunt generator is shown in Fig. 4.64. 

Total load = 500 x 100 W 


_ 500 X 100 _ 

^ “ 250 ■ 

Voltage drip in leads, V^ = 10 V 
Voltage across shunt field winding, 

V^^ = V+V^ = 250 + 10 = 260 V 
= V./, = 260/65 = 4A 
4 = 4 + 4/, = 200 + 4 = 204A 
Armature drop = fR^ = 204 x 0-05 = 10-2 V 
Total brush drop, 2u^ = 2 V 
Generated emf, E = V + I R -\-V, -\-2v, 

= 250 + 10-2 + 10 + 2 = 272-2 V 


[l V|^=10V 


(o.05t^V = 250V ° 


Fig. 4.64 Circuit diagram 


y+ / R + y, +2i;, 

a a L b 


^ P^NZ _ 4 X 30 X 10“^ X V X 390 

-L^ ^ ^ , or ^ Zd ^ ^ 

« 60A 60x2 


272 - 2 X 60 X 2 
4 X 30 X 10”^ X 390 


: 698 rpm {Ans.) 
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Example 4.42 

The armature of a four-pole DC shunt generator has 378 wave 

connected conductors. The armature and shunt winding resistance Ci 

o 

of the generator is 1 ohm and 100 ohm respectively. The flux per ° 
pole is 0.02 Wb. If a load resistance of 10 ohm is connected across 
the armature terminals and the generator is driven at 1000 rpm, 
calculate the power absorbed by the load. 



Solution: 

The conventional circuit is shown in Fig. 4.65. 


Fig. 4.65 Circuit diagram 


Generated emf.£ = ^ = 4 x 378 x 0-02x1000 , 

« 60A 60x2 

Line current, (where V is terminal voltage) 

Rl 10 


Shunt field current, 


I 

sh p 
IS.), 


Armature current. 


Using the relation. 


E = V-vI R ■ 


252 = y+0-11 yx 1-0 


.'. Terminal voltage, V = 221 volt 

Load current, I, = ^ = 22-7 A 


Power absorbed by the load, P = VI, = 221 x 22-7 = 5-153 kW (Ans.) 


Example 4.43 

A load of 7.5 kW at 230V is supplied by a short-shunt cumulatively 
compound DC generator. If the armature, series and shunt field ^ 

O 

resistances are 0-4, 0-3 and 100 ohm respectively. Calculate the ° 
induced emfand the load resistance. "x: 

QL 

Solution: 

Refer to Fig. 4.66. 

j _ 7 ■ 5 X 1000 _ 22.51 A ^ 

^L- 230 ^ 


Ish Rse“0'3£^ |[_ 



V = 230VU 2 


Fig. 4.66 Circuit diagram 


y + hKe 


230 + 32 • 61 X 0 • 3 


= 2 • 39 A 


I =L+I .= 32-61 + 2-39 = 35 A 

a L sn 


Induced emf. 


E = V +1, R +1 R 

Q L se a a 


= 230 + 32-61 X 0-3 + 35 x 0-4 = 253-78 V {Ans) 
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1/2 (230) 

Loadresistance.R,= - = ^-5^^ 


: 7'053 ohm (Ans.) 


Example 4.44 

A load of 20 kW at 230 V is supplied by a compound DC generator. If the series, shunt field and 
armature resistances are 0-05, 115 and 0.1 ohm respectively. Calculate the generated emfwhen the 
generator is connected as long shunt. 


Solution: 


Load = 20 kW = 20 X 10^ W 
y = 230 V; = 0-1 n; R 

^ a ^ St 

-.3 


:0-05 n; = 115 n 


Line current, 

Shunt field current, 

Armature current. 
Generated emf, 


4 = 


^sh 


20 X 10" 
230 
V 230 


R 


= 86 • 96 A 
= 2A 


sh 


4 

E 


4 hh 


115 
= 86-96 + 2 : 


1-96 A 


V+I R +I R 

a a a se 


230 + 88-96 X 0-1 + 88-96 x 0-05 
243-3 V {Ans) 


4.31 Characteristics of DC Generators 

To determine the relation between different quantities of a DC generator, the following are the 
important characteristics of DC generators: 

1. No-load characteristics. It is also known as magnetic characteristics or open-circuit 
characteristics {O.C.C). It shows the relation between the no-load generated emf in the armature 
(£q) and the field current (i.e., exciting current) I^ at a specified speed. 

2. External characteristics. It is also called the performance characteristics. It shows the relation 
between the terminal voltage (V) and the load current I^. 

3. Internal Characteristics. It is also known as total characteristics. It gives the relation between 
the emf actually induced in the armature {E^ and the armature current I^. 


4.32 No-load Characteristics of DC Generators or Magnetisation Curve 
of DC Generator 

It shows the relation between the no-load generated emf in the armature {E^ and the field current 
at a specified speed. To obtain this characteristics, proceed as follows: 
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Open the field winding of the generator and connect it to a separate DC source through a rheostat 
as shown in Fig. 4.67. Connect an ammeter in the field circuit and a voltmeter across the armature. 
Reduce the field current to zero and run the armature at a specified speed. Get the reading of 
voltmeter and mark the point ‘a’ on the graph. To plot the characteristics take field current along 
X-axis and no-load generated emf (E^ along Y-axis. Increase the field current in steps and get the 
corresponding voltmeter readings. Plot these values on the graph. The curve thus obtained (shown in 
Fig. 4.68) shows the no-load characteristics or open circuit characteristics ip.C.C) of the generator. 




Fig. 4.67 Circuit diagram Fig. 4.68 No-ioad characteristics 

Analysis of the curve 

While analysing the curve, the following points are worth noting: 

1. The curve starts from point ‘a’ instead of ‘O’ when the field current is zero. It is because of the 
residual magnetism of the poles. 

2. The initial part of the curve (ab) is almost a straight line because at this stage the magnetic 
material is unsaturated and it has high permeability. 

3. After point ‘b’ the curve bends and the generated emf (Eq) becomes almost constant. It is because 
after point ‘b\ the poles (magnetic material) starts getting saturated. 


4.33 Voltage Build-up in Shunt Generators 

The shunt generator is a self-excited DC generator whose field winding is supplied current from 
the output of the generator itself But question arises how it can supply current to the field winding 
before the voltage being generated? And if the field current is not supplied, how can the voltage be 
generated? Let us find out its answer from the following explanation. 

The open circuit characteristics of a DC shunt generator is shown in Fig. 4.69(b). The shunt field 
resistance is represented by a straight line OX. When armature is rotated at a constant speed of a 
rad/sec, the small residual flux of the poles is cut by the armature conductors, and very small emf 
(oa) is induced in the armature. If now key (K) connected in the shunt field winding, as shown in Fig. 
4.69(a), is closed, current ob flows in the field winding. This current increases the flux produced by 
the poles and voltage generated in the armature is increased to oc which further increases the field 
current to od which further builds up the voltage. This building up action comes to an end at point 
/where the o.c.c. intersects the shunt field resistance line OX. It is, because beyond this point, the 




Electrical Machines 


378 


induced voltage is less than that required to maintain the corresponding field current. Thus, the final 
current in the field winding is e/and the final voltage build up by the generator for a given O.C.C. 
is oe as shown in Fig. 4.69(b). 




(a) Circuit diagram 


Curve between and i, 


Fig. 4.69 Open circuit voltage built-up 


4.34 Critical Field Resistance of a DC Shunt Generator 


The open circuit characteristic of a DC shunt generator are shown 
in Fig. 4.70. The line OX is drawn in such a way that its slope gives 
the field winding resistance, i.e., 

OBi^in volt) 


R 


sh 


OC{in ampere) 



(Field current) 

Fig. 4.70 Critical resistance 


In this case, the generator can build up a maximum voltage OB 
with a shunt field resistance A line OY represents a smaller 
resistance. With this resistance, the generator can build up a 
maximum voltage OF which is slightly more than OB. If the field 
resistance is increased, the slope of the resistance line increases. 

Consequently the maximum voltage which the generator can build 
up, at a specified speed, decreases. If the value of 7?^^ is increased 

to such an extent that the resistance line does not cut the no-load characteristics at all (OZ), then it 
is apparent that the voltage will not be built-up (i.e., the generator fails to excite). 

If the resistance line (DP) just coincide with the slope of the curve, at this value of field resistance, 
the generator will just excite. This resistance, given by the tangent to the O.C.C. is called the critical 
resistance at a specified speed. 

Thus, the slope of the tangent drawn on the O.C.C. is called critical resistance. 


Critical resistance of a field winding. It is that maximum value resistance of a field winding which 
is required to build-up voltage in a generator. If the value of field resistance is more than this value, 
the generator would not build-up the voltage. 

Critical load resistance. The minimum value of load resistance on a DC shunt generator with which 
it can be in position to build-up is called its critical load resistance. 
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Critical speed of a DC shunt generator. It is the speed of a DC shunt generator at which shunt field 
resistance will represent the critical field resistance. 


4.35 Load Characteristics of Shunt Generator 

It is also called external or performance characteristics of shunt 
generator. It shows relation between the terminal voltage V on load and 
the load current /^. To obtain this characteristics, proceed as follows: 

Connect an ammeter Aj and rheostat in the field circuit and an 
ammeter and voltmeter V on the load side as shown in Fig. 4.71. 

Apply a variable load across the terminals. At start switch off the load 
and run the generator at rated speed. No-load emf (generated voltage 
will appear across the voltmeter. Then switch on the load through 
switch S and increase the load gradually keeping field current (ammeter 
reading Aj) constant with the help of rheostat R^. Take the readings 
of voltmeter V and ammeter at various instants and plot the curve. 

The curve so obtained is shown in Fig. 4.71. 

Analysis of the Curve 

While analysis the curve, the following points are highlighted: 

1. At no-load, the voltage across the terminals is maximum and is considered to be equal to 
generated emf E^. 

2. As the load is increased gradually, the load current increases but the terminal voltage decreases. 
The decrease in voltage is because of the following reasons: 

(i) Due to increase in voltage drop in the armature resistance (I^RJ 

(ii) Due to armature reaction, when load current or armature current increases, the 
demagnetising effect of the armature field increases on the main field which reduced the 
induced emf Consequently the terminal voltage decreases. 

(Hi) The drop in terminal voltage further causes decreases in field current. This will, in turn, 
causes the decrease in induced emfwhich reflects the drop in terminal voltage. However, 
the field current can be kept constant by adjusting the 
rheostat connected in the field circuit. 

3. During initial portion of the curve AB, the tendency of 
the voltage drop due to armature resistance is more than i 
armature reaction. 

4. At point B these two effects neutralise each other. 

5. After point B, armature reaction dominates and the curve 

turns back (BC portion of the curve), as shown in Fig. 4.72. O 

6 . The point C at which the external characteristic cuts the 

current axis corresponds to a gradual short circuit. FiQ- 4.72 Curve between V and II 
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4.36 Load Characteristics of Series Generators 

In this generator, the field winding is connected in series with the armature and load (see Fig. 4.73). 
Therefore, full armature current flows through it. When load increases, increases which increases 
flux and consequently generated emf is also increased. This, correspondingly increases the terminal 
voltage V. Thus, a series generator has a rising characteristic (curve OA) as shown in Fig. 4.73. 




Fig. 4.74 Curve between V and 1^ 


However, at higher loads, the terminal voltage begins to reduce because of the excessive 
demagnetising effects of armature reaction. Ultimately, the terminal voltage reduces to zero at load 
current OB as shown in Fig. 4.74. 


4.37 Load Characteristics of Compound Generator 

There are some applications where constant terminal voltage is essential. At such places, shunt 
generator is not suitable, because its terminal voltage decreases with the increase in load on it. 

However it can be made suitable for such applications by connecting a few turns in series with 
the armature as shown in Fig. 4.75. The field produced by these series turns assist the field produced 
by the shunt winding. Such generators are known as compound generators. In such generators when 
load current increases, the flux increases which increases the induced emf This extra induced emf 
compensates the voltage drop in the armature resistance and the demagnetising effect due to armature 
reaction. Hence, the terminal voltage V remains substantially constant. 

Degree of Compounding 

A cumulatively - compound wound generator is shown in Fig. 4.75. Its level of compounding can be 
changed by varying the amount of current passing through the series field winding by connecting 
a by-pass rheostat 

When the field current is adjusted such that the terminal voltage V on full load remains the same 
as that on no-load, the generator is called to be level or flat compounded generator (see Fig. 4.76). 

When the terminal voltage on full-load is more than its terminal voltage at no-load, the generator 
is called to be an over compounded generator. 

On the other hand, when the terminal voltage on full-load is less than no-load voltage, the generator 
is called to be as under compounded generator. 
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However, if the field produced by the series field winding acts in opposite direction to the field 
produced by the shunt field winding, the generator is called to be differentially compounded (see 
Fig. 4.76). 




Fig. 4.76 Load characteristics of compound generator 


4.38 Causes of Failure to Build-up Voltage in a Generator 

There may be one or more of the following reasons due to which a generator fails to build-up voltage: 

1. When the residual magnetism in the field system is destroyed. 

2. When the connections of the field winding are reversed. This, in fact, destroys the residual 
magnetism due to which generator fails to build up voltage. 

3. In case of shunt-wound generators, the other causes may be 

(i) the resistance of shunt field circuit may be more than the critical resistance. 

{ii) the resistance of load circuit may be less than critical resistance. 
iiii) the speed of rotation may be below the rated speed. 

4. In case of series-wound generators, the other causes may be 

ii) the load circuit may be open: it may be due to faulty contact between brushes and 
commutator or commutator surface may be greasy or dirty and making no contact with 
the brushes. 

iii) the load circuit may have high resistance. 

Rectification: If the generator is not building up because of absence of residual magnetism due 
to any reason, the field coils should be connected to a DC source for a small period in order to 
magnetise the poles. 


4.39 Applications of DC Generators 

Depending upon the characteristics of various types of DC generators, their important applications 
are given below: 

1. Separately excited DC generators. Although, these generators are more costly than self excited 
generators as they require a separate source for their field excitation. But their response to the 
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change in field resistance is more quick and precise. Therefore, these are employed where quick 
and definite response to control is important such as Ward-Leonard System of speed control. 

2. Shunt-wound DC generators. As they provide constant terminal voltage, they are best suited 
for battery charging. Along with field regulators, they are also used for light and power supply 
purposes. 

3. Series-wound DC generators. These generators have very few applications. Their best 
application is in the DC locomotives, where they supply field current for regenerative braking. 
They are also employed in series arc lighting. Another application of these generators is as 
series boosters for increasing DC voltage across the feeders. 

4. Compound-wound DC generators 

(i) Over-compounded type. These are more suited for lighting and power services, as they 
compensate for the voltage drop in the lines and voltage at the terminals of the load remains 
constant. 

{ii) Differential-compounded type. They are usefully employed as are welding sets. In such 
cases, generator is practically short-circuited every time the electrode touches the metal 
plates to be welded. 


4.40 Losses in a DC Generator 

While conversion of mechanical energy into electrical energy, a part of energy dissipated in the form 
of heat in surrounding air is called losses in the generator. 

These losses affect the efficiency of the generator. A reduction in these losses leads to higher 
efficiency. Thus, the major objective in the design of a DC machine is the reduction of these losses. 
The various losses occurring in a DC machine can be sub-divided as: 

1. Copper losses. 

2. Iron losses 

3. Mechanical losses. 

1. Copper losses. The various windings of the DC machine, made of copper, have some resistance. 
When current flows through them, there is power loss proportional to the square of their 
respective currents. These power losses are called copper losses. 

In general, the various copper losses in a DC machine are: 

(i) Armature copper loss = 

{ii) Shunt field copper loss = 

{Hi) Series field copper loss = R^^ 

{iv) Interpole winding copper loss = if R- = ifR^ 

(v) Brush contact loss = if or 2/^v^ 

{vi) Compensating winding copper loss = R^ 


The brush contact drop is generally included in armature copper losses. 
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2. Iron losses. The losses which occur in the iron parts of a DC generator are known as iron losses 
or core losses or magnetic loss. These losses consist of the following: 

(i) Hysteresis loss. Whenever a magnetic material is subjected to reversal of magnetic flux, 
this loss occurs. It is due to retentivity property of the material. It is expressed with 
reasonable accuracy by the following expression: = Kf^V f ... .(4.28) 

where, = hysteresis constant in J/m^ i.e., energy loss per unit volume of magnetic material 
during one magnetic reversal, its value depends upon nature of material; 

V = Volume of magnetic material in 
/= frequency of magnetic reversal in cycle/second and 
= maximum flux density in the magnetic material in tesla. 

It occurs in the rotating armature. To minimise this loss, the armature core is made of 
silicon steel which has low hysteresis constant. 

(ii) Eddy current loss. When flux linking with the magnetic material changes (or flux is cut 
by the magnetic material) an emfis induced in it which circulates eddy currents through 
it. These eddy currents produce eddy current loss in the form of heat. It is expressed with 
reasonable accuracy by the expression: 

P^=K^Vft^Bl ...(4.29) 

where, = constant called co-efficient of eddy current, its value depends upon the nature 
of magnetic material; 
t = thickness of lamination in m; 

Vfandii are the same as above. 

The major part of this loss occur in the armature core. To minimise this loss, the armature 
core is laminated into thin sheets (0.3 to 0.5 mm) since this loss is directly proportional 
to the square of thickness of the laminations. 

3. Mechanical losses. As the armature of a DC machine is a rotating part, some power is required 
to overcome: 

(i) Air friction of rotating armature (windage loss) 

{ii) Friction at the bearing and friction between brushes and commutator (friction loss). 

These losses are known as mechanical losses. To reduce these losses proper lubrication is done 
at the bearings. 


4.41 Constant and Variable Losses 

The losses in a DC generator may also be sub-divided into: 

1. Constant losses; 2. Variable losses 

1. Constant losses. The losses in a DC machine which remain the same at all loads are called 
constant losses. The constant losses in a DC machine are: 

(i) Iron losses; (ii) Mechanical losses; (Hi) Shunt field copper losses 

2. Variable losses. The losses in DC machine which vary with load are called variable losses. 
The variable losses in a DC machine are; 
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(i) Armature copper loss; (ii) Series field copper loss (Hi) Interpole winding copper loss and (iv) 
Compensating winding copper loss. 


4.42 Stray Losses 


The sum of the iron losses and mechanical losses in a DC machine are known as stray losses i.e., 
Stray losses = Iron losses + Mechanical losses. 


4.43 Power Flow Diagram 


The mechanical power (m T^) is supplied to the generator which is converted into electrical power 
(VIj). While conversion, various losses occur in the machine. The power flow diagram for a DC 
generator is shown in Fig. 4.77. 


Input {( 1 ) T^) 
mech. power 


Input-stray losses ^ 
power developed 
In armature 




Stray losses 

(Iron losses + mech. losses 




Copper 

losses 


Power developed 
- copper losses 
= elect, output 
power 


(VIl) 


Fig. 4.77 Power flow diagram of a DC generator 


4.44 Efficiency of a DC Generator 

The ratio of output power to the input power of a DC generator is called its efficiency. 

Efficiency, 77 = ■ where. Power output = VI^ watt 

Power input = Power output + Variable losses + Constant losses 
Since the shunt field current is very small as compared to line current, 
therefore, 7^ s f (neglecting ff) 

Variable losses = 7^ 

Constant losses = (say) 

Then, power output = + I^R^ + Pc 
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4.45 Condition for Maximum Efficiency 


The efficiency of a DC generator is given as: 


output 


output + variable losses + constant losses 


VIL + IlK + Pc 


1 , Ilpp , 

V VI, 


...(4.31) 


Now, efficiency will be maximum when the denominator of eq. (i) in minimum i.e., 


1 + ^lPq . 

V VI, 


V y/2 


^ ox iIr^ = 

V vil i f 


i.e., Variable losses = Constant losses 

Hence, the efficiency of a DC machine will be maximum when the line current is such that constant 
loss is equal to the variable loss. 

The line current at which the efficiency of DC machine is maximum. 


/ = ^ 


...(4.32) 


Example 4.45 

A DC generator is connected to a 220 V DC mains. The current delivered by the generator to the 
mains is 100 A. The armature resistance is 0.1 ohm. The generator is driven at a speed of 500 
rpm Calculate (i) the induced emf (ii) the electromagnetic torque (Hi) the mechanical power input 
to the armature neglecting iron, winding and friction losses, (iv) Electrical power output from the 
armature, (v) armature copper loss. 

Solution: 

(i) The induced emf, E =V+1 R = 220 + 0.1 x 100 = 230 V (Ans.) 


(ii) Using the relation, coT = E^f 


Electromagnetic torque. 


FI FI 


230 X 100 X 60 
2n X 500 


: 439.27 Nm (Ans.) 


(Hi) Neglecting iron, winding and friction losses. 

Input to armature = oST (or E If) 


In NT 2n x 500 x 439.27 


: 23000 W (Ans.) 
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(jv) Electrical power output = VI^ = 220 x 100 = 22000 W (Ans.) 

(v) Armature copper losses = ~ (100)^ X 0.1 = 1000 W (Ans.) 


Example 4.46 

A shunt generator supplies 195 A at 220 V. Armature resistance is 0.02 ohm, shunt field resistance 
is 44 ohm. If the iron and friction losses amount to 1600 watt, find (i) emf generated; (ii) copper 
losses; (Hi) b.h.p. of the engine driving the generator. 


Solution: 

The conventional circuit is shown in Fig. 4.78. 


Shunt field current, 


Armature current. 


^sh 

I 


V _ 220 


R 


sh 


44 


= 5A 


4 + 4.= 195 + 5 = 200A 


Ish Il-195A + 



Generated or induced emf, 


Fig. 4.78 Circuit diagram 


E^ = V + IR^ = 220 + 200 x 0.02 = 224 V (Ans) 

Armature copper loss; 

= iIr^= (200f x 0.02 = 800 W 
Shunt field copper loss = I'^f^ R^f^ = (5)^ x 44 = llOOW 
Total copper losses = 800 + 1100 = 1900 W (Ans.) 

Output power = VI^ = 220 x 195 = 42900 W 
Input power = 42900 + 1600 + 1900 = 46400 W 

dfidno 

B.H.P. of the engine driving the generation = ^ = 63.08 H.P. (Ans.) 


Example 4.47 

A 400 V shunt generator has full-load current of200 A. Its armature 
resistance is 0.06 ohm, field resistance is 100 ohm and the stray losses 
are 2000 watt. Find the h.p. of prime-mover when it is delivering full 
load, and find the load for which the efficiency of the generator is 
maximum. 

Solution: 

The conventional circuit is shown in Fig. 4.79. 

Shunt field current, I . = ^ = ^ = AA 
Rsh 100 


Uh Il“200A ^ 



Fig. 4.79 Circuit diagram 
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Armature current, I =/, + /,= 200 + 4 = 204 A 

'a L sh 

Armature copper loss; = = (204)^ X 0.06 = 2497 W 

Shunt field copper loss = = (4)^ X 100 = 1600 W 

Total losses = 2497 + 1600 + 2000 = 6097 W 
Output power = VI^ = 400 x 200 = 80000 W 
Input power = Output power + losses 

= 80000 + 6097 = 86097 W 

Tj f • Input power 86097 n 

Horse power of prime-mover = — ^^ = 17.06 H.P. (Ans.) 

Constant losses = stray losses + shunt field copper loss = 2000 + 1600 = 3600 W 

Condition for maximum efficiency is, 

Variable losses = constant losses. 

Let, 7^' be the load current at which the efficiency is maximum and armature current is IJ 

4 X = 3600 or /;=^|»= 245A 

Load current, I ' = I' - I = 245 - 4 = 241 A 

Load for which the efficiency is maximum = I^V = 241 x 400 = 96.4 kW {Ans) 

Section Practice Problems 

Numerical Problems 

1. The armature of a four-pole DC generator has 90 slots on Its armature with 6 conductors per slot. If the 
armature Is lap-wound, flux per pole Is 6 x 10“^ Wb and running at 1000 rpm, determine Its Induced emf. 
Also determine the electrical power output of the machine If the current per conductor Is 100 ampere. 

(Ans. 540 V; 216 kW) 

2. A10 kW, six-pole DC generator develops an emf of 200 V at 1500 rpm. The armature has a lap-connected 

winding. The average flux density over a pole pitch Is 0.9 T. The length and diameter of the armature are 
0.25 m and 0.2 m respectively. Calculate (a) the flux per pole (b) the total number of active conductors 
In the armature and (c) the torque developed by the machine when the armature supplies a current of 60 
A. (Ans. 23.6 mWb, 340, 76.4 Nm) 

3. The field and armature resistance of a four-pole shunt generator with lap-connected armature Is 50 Q. 
and 0.1 n respectively. It Is supplying a 2400 W load at a terminal voltage of 100 V. Calculate the total 
armature current, the current per armature path and the generated emf. (Ans. 26A; 6.5 A; 102.6 V) 
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4. A DC shunt generator supplies a load of 100 A at 200 V. The generator has four-pole and its shunt field 

and armature resistance is 80 ohm and 0.1 ohm respectively. Find (i) total armature current (ii) current 
per conductor and (iii) generated emf. (Ans. 102.5 A, 25.6A; 210.25 V) 

5. An eight-pole DC shunt generator supplies a load of 12.5 ohm at 250 V. Its armature carries wave connected 
778 conductors and its armature and field winding resistances are 0.24 ohm and 250 ohm respectively. 
Find the armature current, the induced emf and the flux per pole. 

(Ans. 821 A; 255.04 K' 9.834 m Wb) 

6. A six-pole, 12 kW, 240 V DC machine is wave-connected. If the same machine is lap-connected, all other 
data remaining same, calculate its voltage, current and power ratings. (Ans. 80V; 150 A; 12 kW) 

7. The induced voltage of a shunt generator is 254 V. When the machine is loaded, the terminal voltage 

drops down to 240 V. Determine the load current, if the armature resistance is 0.04 n, and the field circuit 
resistance is 24 Q ohm neglecting armature reaction. (Ans. 340 A) 

8. A four-pole, lap-wound DC shunt generator has field and armature resistances of 100 Q and 0.1 Q 

respectively. It supplies power to 50 lamps rated for 100 volt, 60 watt each. Calculate the total armature 
current and the generated emf by allowing a contact drop of 1 volt per brush. (Ans. 105.1V) 

9. Find the resistance of the load which takes a power of 5 kW from a DC shunt generator whose external 

characteristic is given by the equation: V = 250 - 0.5 1^. {Ans. 11.48 Q.) 

10. A four-pole DC generator is having useful flux of 0.07 Wb per pole, it carries 220 turns each of 0.004 

ohm resistance. The shunt and series winding resistance is 100 ohm and 0.02 ohm respectively. If the 
generator carries an armature current of 50 A and running at a speed of 900 rpm find its terminal voltage 
and power delivered by it. (Ans. 458.25 V; 20.814 W) 

11. A 500 V shunt generator has a full load current of 100 A and stray losses being 1-5 kW. Armature and 
field resistances are 0-3 and 250 ohm respectively. Calculate the input power and efficiency. 

(Ans. 55-621 kW; 89-89%) 


Sho rt Answer Type Que st ions 

Q.l. What are the requirements of self-excited DC machine? 

Or 

What are the conditions to he fulfilled for a DC shunt generator to build-up emf. 

Ans. Following are the requirements of a self-excited DC machine: 

1. Its poles must have residual magnetism. 

2. The field winding must be connected in such a way that field produced by the field winding must 
add to the residual magnetism. It should never be connected in reverse direction. 

3. The field resistance should not be more than critical resistance. 

4. The armature should not be rotated in reverse direction. 

5. The resistance of the load circuit must not be below the critical resistance. 

Q.2. Define critical resistance of DC shunt generator. 

Ans. Critical resistance of a DC shunt generator. The maximum value of a shunt field winding resistance 
required to build-up voltage in a DC generator is called critical resistance. If the value of field winding 
resistance is more than this value, the generator will not be in position to built-up the voltage. 
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Q.3. What are the different methods by which flux is estabiished in the magnetic circuit of a DC 
generator? 

Ans. The magnetic flux in a DC generator, can be established by the following methods: 

(/) by means of permanent magnets. 

(/7) By the field coils excited by some external source 
(//;) By the field coils excited by the generator itself. 

Q.4. How can you differentiate between the excitation system of a DC series generator and that of a DC 
shunt generator? 

Ans. In a series wound generator, the field winding is connected in series with the armature winding so that 
whole current flows through it and the load. In a shunt wound generator the field winding is connected 
across the armature winding forming a parallel or shunt circuit. 

Q.5. Why is fieid coiis of a DC shunt generator are wound with a targe number of turns of fine wire. 

Ans. The field coils of a DC shunt generator are wound with a large number of turns of fine wire so as to have 
high resistance in order to keep shunt field current as low as possible as well as to provide required 
mmf. 

Q.6. What type of current flows in field winding and armature winding of a DC shunt generator? 
[A.M.t.e., Winter 2003] 

Ans. In field winding, it is DC whereas in armature winding it is AC. 

Q.7. What is meant by OCC of a DC generator? 

Ans. OCC mean open circuit characteristics. The curve drawn between generated emf at no-load and the 
field current, when the machine is running at a specified speed is known as magnetic characteristic or 
open-circuit characteristic {OCC) of a DC generator. 

Q.8. What is the criticai resistance of fieid circuit? 

Ans. The maximum value of resistance of field circuit of a DC shunt generator with which the DC shunt 
generator will be able to excite it is called critical resistance. 

Q.9. In what respect the separately excited DC generator is superior to self excited DC generator? 

Ans. The separately excited DC generator provides stable operation with any field excitation in comparison 
to self excited generators. 

Q.10. What is critical speed in a DC shunt generator? 

Ans. It is the speed of a DC generator at which shunt field resistance will represent the critical field 
resistance. 

Q.11. A DC shunt generator is developing rated terminal voltage at some speed. For this generator, 

(/) If only the direction of rotation is reversed, will the generator build-up? 

(//) If the direction of rotation and also the residual magnetism are reversed simultaneously will 
the generator build up? 

Ans. (/) The generator will not build up. When the direction of rotation is reversed, the polarity of the 
generated emf will be reversed, the direction of field current will also be reversed and hence the 
residual magnetism present in the poles will be wiped off and the generator will fail to build up. 
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(/7) When the direction of rotation and the residuai magnetism both are reversed simuitaneousiy then 
it is obvious that a smaii emf wiii be produced initiaiiy which wiii further strengthen the fieid and 
hence the generator wiii buiid up voitage. 

Q.12. What kind of generator can be expected to have no-load voltage and full load voltage to be same? 
Ans. It can be expected in case of flat-compounded DC generator. 


Q.13. If the terminal voltage of a DC generator at full load is more than its open-circuit voltage. What is 
the mode of excitation of the generator? 

Ans. It can happen only if the machine is cumulatively compound wound. 

Q.14. What type of DC generator can be used for battery charging? 

Ans. DC shunt wound generator. 

Q.15. What type of DC generator can be used for general power supply? 

Ans. Cumulative compound wound is the most suitable. 

Q.16. A DC series generator is not considered suitable for general electric supply? 

Ans. Because DC series generators provide rising V-l characteristics. 


Q.17. A six-pole, 12 kW, 240 V DC machine is wave-connected. If this machine is now lap-connected, all 
other things remaining the same, calculate the voltage and current ratings. 

Ans. We know 

3 60 A 

If all other factors are same only the winding connections are being changed 


^9^ 


i.e., 


^ lap 


Current, / = 


Aval 


and E, 


1 


glap fy 


'lap 


d 

lap lap 

Power 12x1000 


wave nr c 

A y, 

/i/a 


2 X f „ = I X 240 = 80 V {Ans.) 

^wave ^ 


1 / 


80 


P ^wave 6 

= 150A(/1/7S.) 


Review Questions 

1. Name the various parts of a DC machine and give their function. 

2. Explain the principle of action of a DC generator. Describe briefly its important parts. 

3. What is the principle commercially adopted to transform mechanical energy to electrical energy? Illustrate 
in the case of a simple DC generator. How can the generator be made to supply DC ? 

4. Explain how commutator works in a DC machine to generate DC voltage. 

5. Define: pole pitch, front pitch, back pitch, resultant pitch, average pitch and commutator pitch. Illustrate 
them with the help of neat sketches. 
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6. Explain what do you understand by (/) lap and wave windings (/7) duplex windings. 

7. What is meant by duplex winding? If a duplex winding does not close after one passage around the 
armature, is the number of commutator segments even or odd. Explain. 

8. Illustrate with suitable diagrams the patterns of (/) lap winding and (/;') wave winding of the armature of 
a DC machine. Explain the relative merits and the applications of the two types of windings. 

9. What are the similarities and dissimilarities between lap and wave windings in a DC machine? 

10. Explain why equaliser connections are used in lap windings and dummy coils are sometimes used in wave 
windings. 

11. What are the ordinary types of armature windings for DC machines? Explain the essential difference 
between them and give their advantages, disadvantages and applications. 

12. Highlight the factors on which the choice of type of armature winding of a DC machine will depend. 

13. Find the expression for the equivalent armature resistance of a P-pole, lap wound armature, when there 
are total Zconductors, the length of each conductor being / cm. Assume cross-sectional area as a cm^ 
and specific resistance of a conductor material as p ohm-cm. 

14. Write short notes on the following: 

(/) Principle of operation of DC generator. 

(//') Construction and function of commutator. 

{Hi) Lap winding. 

(/V) Wave winding-merits and demerits over lap winding. 

15. Derive emf equation of a DC generator (or DC machine). 

16. Explain how will you distinguish between a lap and wave winding. How can you recognise the winding of 
a DC machine by counting its brushes? 

17. What are the different types of excitation employed in DC machines? 

18. Explain the principle of action of a DC shunt generator. 

19. Explain what is meant by armature reaction of a DC machine. Describe different methods for minimising 
armature reaction. 

20. Explain what you would understand by “armature reaction” in a DC generator. What are its effects? 

21. How demagnetising and cross-magnetising ampere-turns per pole are calculated in a DC machine? 

22. “As brushes in a DC machines are shifted, magnetising/demagnetising ampere-turns appears”. Explain 
with the help of a diagram. 

23. Develop an expression for the demagnetising and cross magnetising armature ampere-turns in a DC 
generator. 

24. What are the types of commutation possible in a DC machine? Explain them with graph. 

25. Explain what do you mean by commutation in a DC machine. Mention the methods of improving it. 

26. What do you mean by good commutation and bad commutation? 

27. Briefly describe the function of interpoles in a DC machine. 

28. Define O.C.C. (no-load characteristics) of a DC generator. Explain how it is obtained for a given generator. 

29. Explain how a shunt generator builds up. What limits the voltage to which a generator can build up? 
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30. What is critical tield resistance in a DC generator? 

31. Discuss the internal and external characteristics ot a shunt generator. 

32. Mention the ditterent reasons for the drop in the terminal voltage of a shunt generator when it is loaded. 

33. Sketch the load characteristic of (/') DC shunt and (/'/) DC series generator. Give reasons for the particular 
shape in each case. 

34. Explain the load characteristics of a level-compounded DC generator. What do you mean by cumulative 
and differential compounding? Mention their applications. 

35. Write a short note on external characteristics of series, shunt and compound wound DC generators. 

36. Under what circumstances does a DC shunt generator fails to build up. 

37. What are the various energy losses in a DC machine and how do they vary with load? 

38. Derive a condition for maximum efficiency of a DC generator. 


Multiple Choice Questions 

1. The direction of electro-magnetic torque developed in the armature of a DC machine can be reversed by 
reversing the direction of 

(a) rotation (b) field flux 

(c) armature current (o') either field flux or armature current. 

2. A thicker wire is used in the DC series field winding than DC shunt field winding in DC machines. 

(a) to prevent mechanical vibrations. 

{b) to produce large flux. 

(c) because it carries tbe load current which is much higher than shunt field current for the same rating 
of DC machines. 

(rf) to provide strength. 

3. The brushes for commutator are made of 
(a) Copper 
(c) Cast iron 

4. In DC generators, dummy coil are provided 
(a) to reduce eddy current losses 
{b) to enhance flux density 
(c) to amplify voltage 
(rf) to mechanically balance the rotor. 

5. A shunt generator produces 445 A at 250 V. The resistances of shunt field and armature are 50 Q and 
0.025 ohm respectively. The armature voltage drop will be 

(a) 5V (d) 11.25 V 

(c) 22.5 V (o') 25 V 

6 . Eddy current loss varies 

(a) inversely as the thickness of the laminations 

{b) inversely as the square of the thickness of the laminations 

(c) directly as thickness of laminations. 

(rf) directly as the square of the thickness of laminations. 


{b) Aluminium 
(d) Carbon. 
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Hysteresis loss in a DC machine depends upon 

(a) volume and grade of iron 

(c) frequency of magnetic reversals 


{b) maximum value of flux density 
(d) all of the above. 


8. Iron losses in a DC machine take place in 

(a) yoke (b) commutator 

(c) main body [d] armature rotor. 

9. The main requirement of a DC armature winding is that it must be 

(a) a wave winding (b) a lap winding 

(c) a closed one [d) drum winding 

10. For full-pitch winding in a four-pole, 36-slot DC machine, the coil occupies. 

(a) land 9 (b) land 10 

(c) 3 and 11 (o') 4 and 12 

11. In a long-shunt DC generator, the series field winding is excited by_ 


. current. 


(a) shunt 
(c) load 


(b) armature 
{d) external 


12. A DC generator with wave winding is used for_current,_voltage. 

(a) low, high (b) low, low 

(c) high, low [d] high, high 

13. The emf induced in the armature of a DC generator is inversely proportional to 

(a) pole flux (b) field current 

(c) number of armature parallel paths (b) numberof dummy coils 

14. The external characteristic of a shunt generator can be obtained directly from its_ 

characteristics. 

(a) internal (b) open-circuit 

(c) closed-circuit (d) performance 

15. The O.C.C. of a self-excited DC generator starts with some minimum voltage instead of zero due to 

(a) residual pole flux (b) high armature speed 

(c) magnetic inertia (b) high field circuit resistance 

16. If residual magnetism of a shunt generator is destroyed due to any reason, it may be restored by connecting 
its shunt field 

(a) to earth (b) to a DC source 

(c) to neutral (b) to an AC source 

17. A DC generator is considered to be an ideal one if it has_voltage regulation. 

(a) low (b) zero 

(c) positive (b) negative 

18. In a DC generator, compensating winding is provided to 

(a) compensate for decrease in main flux (b) neutralise armature mmf 

(c) neutralise cross-magnetising flux (b) maintain uniform flux distribution. 


19. Which statement is not true for the interpoles in the following. 

(a) these are smaller in size spaced in between the main poles 

(b) their field windings are connected in parallel with the armature so that they carry part of the armature 
current 
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(c) their polarity, in the case of generators is the same as that of the main pole ahead 
(rf) they automatically neutralise not only reactance voltage but cross-magnetisation as well 

20. In a DC generator, the effect of armature reaction on the main field is to 

(a) reverse it (d) distort it 

(c) reduce it (d) both (d) and (c) 

21. In a loaded DC generator, to reduce sparking, brushes have to be shifted. 

(a) clockwise (d) counterclockwise 

(c) either (a) or (d) (d) in the direction of rotation. 

22. The commutation process in a DC gener-ator basically involves 

(a) passage of current from moving arm-ature to a stationary load 

(d) reversal of current in an armature coil as it crosses MNA 

(c) conversion of reactance voltage 

(d) all of above 


Keys to Multiple Choice Questions 


l.d 

2.C 

3.d 

4.d 

5.b 

6.d 

7.d 

8.d 

9.C 

10.b 

11.b 

21.d 

12.a 

22. d 

13.c 

14.b 

15.a 

16.b 

17. b 

18.c 

19.d 

20.d 





CHAPTER 

IHI 

DC Motors 

5 


Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

,/ What is a DC motor and how does it convert electrical energy into mechanical energy? 

V What is back emf and its significance? 

V What are the factors on which torque developed in a DC motor depends? 

^ How DC motors are classified on the basis ot their field excitation? 

^ What are the performance characteristics ot DC motors and how are they selected tor different 
applications? 

^ What is the need ot a starter and how do starters limit the in-rush flow ot starting current and 
protect the motor? 

^ How is a tour point starter tor DC shunt motor different than a three point starter? 

^ How are the steps ot a starting resistance designed? 

^ Which type ot starter is used tor starting ot DC series motors? 

^ What are the factors on which the speed ot a DC motor depends and how can we control the 
speed ot DC motors as per the requirement? 

■/ How is speed ot electric trains controlled? 

V What is electric breaking? How is it superior to mechanical braking and what are the different 
methods by which electric motors or drives are stopped? 

^ What are the various losses ot a DC machine, how these are categorised? 

^ How to determine various losses ot a DC machine with the help ot different tests? 

^ How to calculate the efficiency ot a DC machine once the losses are determined? 

^ Howto prepare maintenance schedule ot a DC machine to improve its reliability and performance? 


Introduction 

A machine that converts mechanical power into DC electrical power is called a DC generator. The 
same machine when used to convert DC electrical power into mechanical power, it known as a DC 
motor. From construction point of view there is no difference between a DC generator and motor. 

The DC motors are very useful where wide range of speeds and perfect speed regulation is required 
such as electric traction. 
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5.1 DC Motor 

An electro-mechanical energy conversion device (electrical machine) that converts DC electrical 
energy or power (El) into mechanical energy or power (coT) is called a DC motor. 

Electric motors are used for driving industrial machines, e.g., hammers, presses, drilling machines, 
lathes, rollers in paper and steel industry, blowers for furnaces, etc., and domestic appliances, e.g., 
refrigerators, fans, water pumps, toys, mixers, etc. The block diagram of energy conversion, when 
the electro-mechanical device works as a motor, is shown in Fig. 5.1. 



Fig. 5.1 Block diagram of electromagnetic energy conversion (motor action) 


5.2 Working Principle of DC Motors 

The operation of a DC motor is based on the principle that when a current carrying conductor is 
placed in a magnetic field, a mechanical force is experienced by it. The direction of this force is 
determined by Fleming’s Left Hand Rule and its magnitude is given by the relation: 

F = Bil newton 

For simplicity, consider only one coil of the armature placed in the magnetic field produced by a 
bipolar machine [see Fig. 5.2(fl)]. When DC supply is connected to the coil, current flows through 
it which sets up its own field as shown in Fig. 5.2(b). By the interaction of the two fields (i.e., field 
produced by the main poles and the coil), a resultant field is set up as shown in Fig. 5.2(c). The 
tendency of this is to come to its original position i.e., in straight line due to which force is exerted 
on the two coil sides and torque develops which rotates the coil. 



(a) Main field (b) Field due to current carrying coil (c) Resultant field 


Fig. 5.2 Working principle of a motor 

Alternately, it can be said that the main poles produce a field F^. Its direction is marked in Fig. 
5.3. When current is supplied to the coil (armature conductors), it produces its own field marked as 
F^. This field tries to come in line with the main field and an electromagnetic torque develops in 
clockwise direction as marked in Fig. 5.3. 
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In actual machine, a large number of conductors are placed on the armature. All the conductors, 
placed under the influence of one pole (say. North pole) carry the current in one direction (outward). 
Whereas, the other conductors placed under the influence of other pole i.e., south pole, carry the 
current in opposite direction as shown in Fig. 5.4. A resultant rotor field is produced. Its direction 
is marked by the arrow-head F. This rotor field F tries to come in line with the main field F and 
torque (T) develops. Thus, rotor rotates. 



Fig. 5.3 Position of main fieid and rotor fieid Fig. 5.4 Motor action 

It can be seen that to obtain a continuous torque, the direction of flow of current in each conductor 
or coil side must be reversed when it passes through the magnetic neutral axis (MNA). This is achieved 
with the help of a commutator. 

Function of a Commutator 

The function of a commutator in DC motors is to reverse the direction of flow of current in each 
armature conductor when it passes through the M.N.A. to obtain continuous torque. 

5.3 Back emf 

It has been seen that when current is supplied to the armature conductors, as shown in Fig. 5.5(a), 
placed in the main magnetic field, torque develops and armature rotates. Simultaneously, the armature 
conductors cut across the magnetic field and an emf is induced in these conductors. The direction 
of this induced emf in the armature conductors is determined by Fleming’s Right Hand Rule and is 
marked in Fig. 5.5(b). 


< 



(a) Torque development due to alignment (b) Production of E(j 

of rotor field with main field 


Fig. 5.5 Back emf 
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It can be seen that the direction of this induced emf is opposite to the applied voltage. That is why this 
induced emf is called back emf The magnitude of this induced emf is given by the relation; 

„ _ PZ^N 
* 60A 

ZP ZP 

or E,= ov E.cc (since are constant) ...(5.1) 

° 60 A ° 60 A 

£ 

Also, N oc -E shows that speed of motor is inversely proportional to magnetic field or flux. 

A simple conventional circuit diagram of the machine working as 
motor, is shown in Fig. 5.6. In this case, the supply voltage is always 
greater than the induced or back emf (i.e., V > Therefore, current is 
always supplied to the motor from the mains and the relation among the 
various quantities will be; E^ = V -R^. 

Significance of Back emf 

The current flowing through the armature is given by the relation: 

7 =^ 

“ R 

a 

When mechanical load applied on the motor increases, its speed decreases which reduces the 
value of 7i^. As a result the value (V - Ei^ increases which consequently increases 7^. Hence, motor 
draws extra current from the mains. 

Thus, the back emf regulates the input power as per the extra load. 



5.4 Electro-magnetic Torque Developed in DC Motor 


The electrical power which is supplied to a DC motor is converted into mechanical power. The 
conversion of power takes place in the armature as stated below: 

The power developed in the armature is given as 


El = 0)T 


El = X T 


or 


ZNP 


X L 


2kN 


X E 


or 


60 
PZtpN 


Nm 


60A “ 60 2nA 

For a particular machine, the number of poles {P), number of conductors per parallel path (Z/A) 
are constant. 

(hi p7 

T = K where K = —— is a constant 
2n A 


The constant K for a given machine is the same for the emf equation as well as the torque equation. 


As well as, T =K^(j)l^ where = 


PZ 

2nA 


is another constant or 7 oc I 

T a 


...(5.2) 
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Thus, it is concluded that torque produced in the armature of a DC machine is directly proportional 
to flux per pole and armature current. Moreover, the direction of electromagnetic torque developed in 
the armature depends upon the direction of flux or magnetic field and the direction of flow of current 
in the armature conductors. If either of the two is reversed the direction of torque produced is reversed 
and hence the direction of rotation. But when both are reversed the direction of torque (or rotation) 
does not change. 


5.5 Shaft Torque 

In DC motors whole of the electromagnetic torque (T) developed in the armature is not available 
at the shaft. A part of it is lost to overcome the iron and mechanical (friction and windage) losses. 
Therefore, shaft torque (T^) is somewhat less than the torque developed in the armature. 

Thus, in case of DC motors, the actual torque available at the shaft for doing useful mechanical 
work is known as shaft torque. 

Brake Horse Power (B.H.P.) 

In case of motors, the mechanical power (H.P.) available at the shaft is known as brake horse power 
(B.H.P.). If is the shaft torque in Nm and N is speed in rpm then. 

Useful output power = ® T;, = 2^ W 7^/60 watt 

OutputinB.H.P.= |^^ ...(5.3) 


5.6 Comparison of Generator and Motor Action 

It has been seen that the same machine can be used as a DC generator or as a DC motor. When it 
converts mechanical energy (or power) into electrical energy (or power), it is called a DC generator 
and when it is used for reversed operation, it is called a DC motor. 

The comparison of generator and motor action is given below: 


Generator action Motor action 
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1. In generating action, the rotation is due to | 
mechanical torque, therefore, T’^and ®are in the 
same direction. 

2. The frictional torque Tracts in opposite direction 
to rotation co. 

3. Electromagnetic torque Tracts in opposite direction 

to mechanical torque so that + coT^. 

4. In generating action, an emf is induced in the 
armature conductors which circulates current in 
the armature when load is connected to it. Hence, 
e and i both are in the same direction. 

5. In generator action, f> 1/ 

6. In generating action, the torque angle Misleading. 

7. In generating action, mechanical energy is 
converted into electrical energy. 


1. In motoring action, the rotation is due to 
electromagnetic torque, therefore, T^and ware in 

I the same direction. 

I 2. The frictional torque Tracts in opposite direction 

I to rotation co. 

3. Mechanical torque acts in opposite direction to 
electromagnetic torque so that coT^ - coT^^ + coT^. 

4. In motoring action, current is impressed to the 
armature against the induced emf (e), therefore 
current flows in opposite direction to that of 
induced emf. 

5. In motor action, f< 1/ 

6. In motoring action, the torque angle 0 is lagging. 

7. In motoring action, electrical energy is converted 
into mechanical energy. 


Example 5.1 

A 50 HP, 400 V, 4 pole, 1000 rpm, DC motor has flux per pole equal to 0.027 Wb. The armature having 
1600 conductors is wave connected. Calculate the gross torque when the motor takes 70 ampere. 


Solution: 

Torque developed, T = 

Where, P = A, (j) = 0.027 Wb; Z = 1600; = 70A; A = 2 (wave connected) 


4 X 0 ■ 027 X 1600 x 70 
2X71 x2 


= 963 Nm (Ans.) 


Example 5.2 

The induced emf in a DC machine is 200 V at a speed of 1200 rpm. Calculate the electromagnetic 
torque developed at an armature current of 15 A. 


Solution: 

Here, = 200 V; A = 1200 rpm; f=15 A 
Now power developed in the armature, 


(oT = E, I 

e b a 


P = 


E, L E, 1, 


■^b ■‘a 

CO 2kN 

200 X 15 


x60 


271 X 1200 


X 60 = 23.87 Nm {Ans) 



27iN \ 
60 ) 


Example 5.3 

A four-pole DC motor has a wave-wound armature with 594 conductors. The armature current is 40 A 
and flux per pole is 7.5 m Wb. Calculate H.P. of the motor when running at 1440 rpm 
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Solution: 


Torque developed, 


PWa ^ 4 X 594 X 7.5 x 10~^ x 40 
2nA 2n x2 


= 56.72 Nm {Ans.) 


Power developed = coT watt; where co = 


_ power developed (OT _ 2;rNT 

■ ■ " 735.5 ’ ■ ■ " 735.5 " 60 x735.5 


2 X 1440 X 56.72 
60 X 735.5 


= 11.63 (Ans) 


Example 5.4 

A DC motor has 6-poles with lap wound armature. What will be its brake horse power when it draws 
a current of 340 A and rotates at 400 rpm. The flux per pole is 0.05 Wb and the armature carries 
864 turns. Neglect mechanical losses. 


Solution: 

Here, P = 6; A = P = 6 (lap wound); = 340 A; N = 400 rpm, 

(j) = 0.05 Wb; No. of turns = 864 
Z = 864 X 2 = 1728 

Back emt, ^ ‘ = !76 V 

* 60A 60 X 6 

Armature current, I^ = 1^ = 340 A 

Power developed = E.x I = 576 x 340 = 195840 W 


Neglecting losses, brake PIP 


Eblg ^ 195840 
735.5 735.5 


: 266.27 (Ans) 


5.7 Types of DC Motors 

On the basis of the connections of armature and their field winding, DC motors can be classified as; 

1. Separately excited DC motors: The conventional diagram of a separately excited DC motor 
is shown Fig. 5.8. Its voltage equation will be; 

= y - - 2Vj (where is voltage drop per brush) .. .(5.4) 

2. Self excited DC motors: These motors can be further classified as; 

(i) Shunt motors: Their conventional diagram is shown in Fig. 5.9. 

Important relations: 


hH = y/RsH 
I =1,-1, 

a L sn 

E.=V-I R -2v, 

b a a b 


...(5.5) 

...(5.6) 

(where v, is voltage drop per brush) ...(5.7) 
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Fig. 5.8 Circuit diagram of separateiy excited DC motor 



{ii) Series motor: Its conventional diagram is shown in Fig. 5.10. 

Important relations: 

~ ~ ^se 

E, = y-h(Ra + Rs)-^\ 

(Hi) Compound motor: Its conventional diagram (for long shunt) is shown in Fig. 5.11. 

^sh 

In all the above voltage equations, the brush voltage drop is sometimes neglected since its 
value is very small. 


..(5.8) 

..(5.9) 



Fig. 5.10 DC series motor 



The compound motor can be further subdivided as; 

(a) Cumulative compound motors: In these motors, the flux produced by both the windings is 
in the same direction, i.e., 

t = th + te- 

(b) Differential compound motors: In these motors, the flux produced by the series field winding 
is opposite to the flux produced by the shunt field winding, i.e., 

t=th-^se 


Example 5.5 

The armature resistance of a DC shunt motor is 0.5 ohm, it draws 20 A from 220 V mains and is 
running at a speed of 80 radian per second. Determine (i) Induced emf(ii) Electromagnetic torque 
(Hi) Speed in rpm. 
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Solution: 

Here, V = 220 V; = 20 A; = 0.5 Q; o = 80 rad/s 

Induced emf, E = V - I^R^ = 220 - 20 x 0.5 = 210 V {Arts) 

Electromagnetic torque, T = ^ = 52.5 Nm {Ans.) 

(O 80 

Speed in rpm, N = = 60 X 80 _ (Ans.) 

27r 2 X TT 

Example 5.6 

A 400 V DC motor takes an armature current of 100 A when its speed is 1000 rpm If the armature 
resistance is 0-25 ohm, calculate the torque produced in Nm. 


Solution: 

Here.y = 400 V; f = 100 A; R^ = 0-25 Q; N = 1000 rpm 
Induced emf, E = V - l^R^ (motor action) 

= 400 - 100 X 0-25 = 375 V 

Using the relation, coT = Ef 
2k NT 

Torque produced, T = ^ = 358-1 Nm (Ans.) 

^ ^ 2kN 2k X1000 


Because O) = 


or 
2kN ' 
60 _ 


Example 5.7 

The armature and series field winding resistance of a 220 V, four-pole DC series motor is 0.75 ohm. It 
has 782 wave wound armature conductors. If it draws 40 A from the supply mains and has a flux 
of 25 mWb, determine its speed and gross torque developed. 


Solution: 

Here, V = 250 V; E = 4; A = 2 (wave winding); Z = 782; 

R^ + R^^ = 0.75 Q; /= 40 A; = 25 X 10-^ Wb 

E=V-l(R^-v RJ = 250 - 40 X 0-75 = 220 V 
(pZNP 


or 


E = 

N = 

T = 


60A 
60 AE 
(pZP 

2kA 


60 X 2 X 220 
25 X 10“^ X 782 X 4 

25 X 10~^ X 782 X 4 X 40 
2k X 2 


= 337-6 rpm (Ans) 


= 248-9 Nm (Ans.) 


Example 5.8 

The armature and shunt field resistance of a four-pole, lap wound DC shunt motor is 0.05 ohm and 
25 ohm respectively. If its armature contains 500 conductors, find the speed of the motor when it 
take 120 A from a DC mains of 100 V supply. Elux per pole is 2 x 10^^ Wb. 
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Solution: 

The circuit is shown in Fig. 5.12; 


Now, 

or 

or 


^sh 



100 

25 


= 4A; 


I =/,-/,= 120-4= 116 A 

a L sh 

E^ = V-I^R^= 100 - 116 X 0.05 = 94.2 V. 

„ _ P0ZN 
b 60A 


94.2 

N 


6 X 2 X 10~^ X 500 X A 
60x6 


565.2 rpm (Ans.) 



Fig. 5.12 Circuit diagram 


Example 5.9 

A 6-pole, 440 V DC motor has 936 wave wound armature conductors. The useful flux per pole is 
25 m Wb. The torque developed is 45-5 kg-m. Calculate the following, if armature resistance is 0-5 
ohm; (i) Armature current (ii) Speed 


Solution: 

Here, P 

A 

Torque developed, T 

ii) Using the relation, T 
Armature current, I 


6; Z = 936; = 25 m Wb = 25 x 10-^ Wb 
2 {wave wound armature)', V = 440 V; = 0-5 ohm; 
45-5 kg-m = 45-5 x 9-81 = 446-35 Nm 


InA 

2n A xT 
PZtj) 


2a:x2x446-35 

6x936x25x10“^ 


= 39-95 A (Ans.) 


(ii) Induced emf, E = U - /^ (motor action) 


= 440 - 39-95 X 0-5 = 420 V 


Using the relation, coT = EI^ 


or 

Speed 


InN 

60 


X I 


N 


El 


a 


60 X EI2 
nf 


60 X 420 X 39 - 95 
2n X 446 - 35 


= 359 rpm (Ans) 


Example 5.10 

The electromagnetic torque developed in a DC machine is 80 Nmfor an armature current of 30 A. 
What will be the torque for a current of 15 A? Assume constant flux. What is the induced emf at a 
speed of 900 rpm and an armature current of 15 A? 
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Solution: 

Torque developed, = 80 Nm 
Armature current, 1^^ = 30 A 
Armature current, I^ 2 ~ ^ 

Let the torque developed is Nm when the armature current is 15 A. 
Now T X (hi 


When flux (h is constant, Tx I 

T ’ a 




'al 


71 = ^ X n = ^ X 80 = 40 Nm {Ans) 


15 


2 I 30 

Power developed in the armature = £ 2^02 ~ ^2 


where 


2kN2 

60 


2k X 900 
60 


= 30k 


T 1 j f 17 307rX40 n \r (A \ 

Induced emf = E^= . =- 7 ^- = 251"33 V (Ans^) 


«2 


15 


5.8 Characteristics of DC Motors 


The performance of a DC motor can be easily judged from its characteristic curves, known as motor 
characteristics. The characteristics of a motor are those curves which show relation between the two 
quantities. On the basis of these quantities, the following characteristics can be obtained: 

1. Speed and Armature current i.e., N - Characteristics: It is the curve drawn between 
speed N and armature current It is also known as speed characteristics. 

2 . Torque and Armature current i.e., T-I^ Characteristics: It is the curve drawn between torque 
developed in the armature T and armature current /^. It is also known as electrical characteristic. 

3. Speed and Torque i.e., N-T characteristics: It is the curve drawn between speed N and torque 
developed in the armature T. It is also known as mechanical characteristics. 


The following important relations must be kept in mind while discussing the motor characteristics: 


Ej^xN (j) or 



and Tx (j) I^ 


5.9 Characteristics of Shunt Motors 

The conventional diagram of this motor is shown in Fig. 5.13. In these motors, the shunt field current 
= V/R^f^ remains constant since the supply voltage V is constant. Hence, the flux in DC shunt motors 
is practically constant (although at heavy loads, somewhat flux decreases due to armature reaction). 
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1. N -characteristics 

We know that, N oc —^ 

0 

Since flux is constant; N x Ej^oi N x V - 

If the armature drop (/^ is negligible, the speed of the motor will remain constant for all 
values of load as shown by the dotted line AZ? in Fig. 5.14. But strictly speaking, as the armature 
current increases due to the increase of load, armature drop R^ increases and speed of the 
motor decreases slightly as shown by the straight line A C in Fig. 5.14 (neglecting armature 
reaction). Moreover, the characteristic curve does not start from a point of zero armature current 
because a small current, no-load armature current is necessary to maintain rotation of the 
motor at no-load. 



Fig. 5.13 Circuit for shunt motor Fig. 5.14 N-l^ characteristics of shunt motor 

Since there is no appreciable change in the speed of a DC shunt motor from no-load to full load 
that is why it is considered to be a constant speed motor. This motor is best suited where almost 
constant speed is required and the load may be thrown off totally and suddenly. 

2. T - Ig Characteristics 

We know that, Tx (hi 

Since flux is constant, ^ 

Hence, the electrical characteristic (i.e., T - IJ is a straight line passing through the origin 
as shown in Fig. 5.15. It is clear from the characteristic curve that a large armature current is 
required at the start if machine is on heavy load. Thus, shunt motor should never be started on 
load. 



Fig. 5.15 T-lg characteristics of shunt motor Fig. 5.16 N-T characteristics of shunt motor 
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3. N - T Characteristics 

The N- T characteristic is derived from the first two characteristics. When load torque increases, 
armature current increases but speed decreases slightly. Thus with the increase in load or 
torque, the speed decreases slightly as shown in Fig. 5.16. 


5.10 Characteristics of Series Motors 

The conventional diagram a series motor is shown in Fig. 5.17. In these motors, the series field 
winding carries the armature current. Therefore, the flux produced by the series field winding is 
proportional to the armature current before magnetic saturation, but after magnetic saturation flux 
becomes constant. 

1. N -Characteristics 

We know that N oc —^ 

0 

where, E,=V-I (R + R ) 

When armature current increases, the induced emf (back emf) decreases, due to (R^ + R^^ 
drop whereas flux cj) increases as ^ oc before magnetic saturation. Flowever, under normal 
conditions 7^ {R^ + R^J drop is quite small and may be neglected. 

Considering to be constant, 

N X oc ^ 

0 4 

Thus, before magnetic saturation, the 7 curve follows the hyperbolic path as shown in Fig. 
5.18. 

In this region, the speed decreases abruptly with the increase in load or armature current. 
After magnetic saturation, flux becomes constant, then 

NxE.xV-I (R +R ) 

b a ^ a se^ 

Thus, after magnetic saturation, the A - 7^ curve follows a straight line path and speed decreases 
slightly as shown in Fig. 5.18. 



Fig. 5.17 Circuit diagram of series motor 


Fig. 5.18 N-ia characteristics of DC series motor 
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From this characteristic, it is concluded that the series motor is a variable speed motor, i.e., its 
speed changes when the armature current (or load) changes. As the load on this motor decreases, 
speed increases. If this motor is connected to the supply without load, armature current will 
be very small and hence speed will be dangerously high which may damage the motor due to 
heavy centrifugal forces. 

Therefore, a series motor is never started on no-load. However, to start a series motor, 
mechanical load (not belt driven load because belt slips over the pulley) is put on it first then 
started. 

2. T -Characteristics 

We know that, T x (j) I^ 

In series motors, before magnetic saturation (px f 

Hence, before magnetic saturation the electromagnetic torque produced in the armature is 
proportional to the square of the armature current. Therefore, this portion of the curve (OA) is 
a parabola passing through the origin as shown in Fig. 5.19. 

However, after magnetic saturation, the flux cp becomes constant. 

Toe/ 

a 

Hence, after magnetic saturation, the curve (AB) becomes a straight line. 

It is seen that before magnetic saturation T oc 7^2 When load is applied to this motor at start, it 
takes large current and heavy torque is produced which is proportional to square of this current. 
Thus, this motor is capable to pick up heavy loads at the start and best suited for electric traction. 

3. N - T Characteristics 

This characteristic is derived from the first two characteristics. At low value of load, 7^ is small, 
torque is small but the speed is very high. As load increases, f increases, torque increases but 
the speed decreases rapidly. Thus for increasing torque, speed decreases rapidly as shown in 
Fig. 5.20. 



A 


Fig. 5.19 T-lg characteristics of DC series motor 


Fig. 5.20 N-T characteristics of DC series motor 



5.11 Characteristics of Compound Motors 

There are two types of compound wound DC motors namely; cumulative compound motors and 
differential compound motors. Cumulative compound motors are most common. The characteristics of 
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these motors lies between the shunt and series motors. The N-I characteristics, T-1 characteristics 

a ’ a 

and N-T characteristics are shown in Figs. 5.21(a), (b) and (c), respectively. 



(a) N-lg characteristics T-lg characteristics (c) N-T characteristic 


Fig. 5.21 Characteristics of cumuiativeiy compound DC motor 

However the N-I^, T-I^ and N-T characteristics of a differentially compound motor are shown 
in Figs. 5.22(a), (b) and (c), respectively. 



Fig. 5.22 Characteristics of differentiaiiy compound DC motor 


5.12 Applications and Selection of DC Motors 

5.12.1 Applications of DC Motors 

As per the characteristics of DC motors, different types of DC motors are applied for different jobs 
as explained below: 

1. Separately excited motors: Very accurate speeds can be obtained by these motors. Moreover, 
these motors are best suited where speed variation is required from very low value to high value. 
These motors are used in steel rolling mills, paper mills, diesel - electric propulsion of ships, etc. 

2. Shunt motors: From the characteristics of a shunt motor we have seen that it is almost constant 
speed motor. It is, therefore, used; 

(i) Where the speed between no-load to full load has to be maintained almost constant. 

(ii) Where it is required to drive the load at various speeds (various speeds are obtained by 
speed control methods) and any one of the speed is required to be maintained almost 
constant for a relatively long period. 
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As such the shunt motors are most suitable for industrial drives such as lathes, drills, grinders, 
shapers, spinning and weaving machines, line shafts in the group drive, etc. 

3. Series motors: The characteristics of a series motor reveal that it is variable speed motor i.e., 
the speed is low at higher torques and vice-versa. Moreover, at light loads or at no-load, the 
motor attains dangerously high speed. It is, therefore, employed: 

(i) Where high torque is required at the time of starting to accelerate heavy loads quickly. 

(ii) Where the load is subjected to heavy fluctuations and speed is required to be adjusted 
automatically. 

As such the series motors are most suitable for electric traction, cranes, elevators, vacuum 
cleaners, hair driers, sewing machines, fans and air compressors, etc. 


Note: The series motors are always directly coupled with loads or coupled through gears. Belt 
loads are never applied to series motor, because the belt may slip over the pulley or it may break. 
Then the motor will operate at light loads or at no-load and will attain dangerously high speed 
which may damage the motor. 


4. Compound motors: The important characteristic of this motor is that the speed falls appreciably 
on heavy loads as in a series motor, but at light loads, the maximum speed is limited to safe 
value. It is, therefore, used; 

(i) Where high torque is required at the time of starting and where the load may be thrown off 
suddenly. 

(ii) Where the load is subjected to heavy fluctuations. 

As such the cumulative compound, motors are best suited for punching and shearing machines, 
rolling mills, lifts and mine - hoists, etc. 

5.12.2 Selection of DC Motors 

While selecting a DC motor for a particular work, one is to consider the following points: 

1. Selection of power rating: If the size (HP or kW capacity) of a motor is more than the load to be 
picked-up by it then it will operate at lighter load than its rating. Hence, there will be more losses 
(i.e., motor will operate at poor efficiency) and unnecessarily there will be wastage of power. Thus 
extra expenditure will incur during operation. At the same time its initial cost will be more. 

On the other hand, if the size of the motor is less than the load to be picked-up by it, then it will 
be over loaded and it will be heated-up beyond its limits. Hence the motor may be damaged if 
operated continuously. Otherwise, also the protective devices will disconnect the motor under 
over-load conditions and this affect the production. 

Thus, a motor should be chosen of a size for its maximum power utilisation. During operation, 
it should be heated-up within the permissible temperature limits and it should never be over¬ 
heated. But at the same time it should be capable to take-up the over-loads temporarily. 

2. Characteristics of the motor: For satisfactory operation, selection of power rating of a motor 
is not only the criteria, rather one should know the characteristics of a motor (i.e., behaviour 
of a motor under different load conditions) so that a work can be done quickly and efficiently 
without any breakdown. Therefore, before selection of motor, one should know the following 
particulars of the work 
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(0 Torque requirement during starting and running at different loads. 
iii) Requirement of accelerating and braking torque 
{Hi) Frequency of switching 

(iv) Temperature at the work place 

(v) Environmental conditions, etc. 

After knowing the above particulars at the work place, a suitable motor (with proper enclosures) 
to meet with the requirements is selected. 


5.13 Starting of DC Motors 

To start a DC motor, when it is switched-(?A to the supply with full rated voltage, it draws heavy 
current during starting period (more than its rated value). This excessive current overheats the 
armature winding and may even damage the winding insulation. Therefore, during starting period a 
resistance called starter in connected in series with the armature circuit to limit the starting current. 


5.14 Necessity of Starter for a DC Motor 


Under normal operating conditions, the voltage equation for a motor is given as 


E^ = V-IR or IR 


The armature current is given by the relation; 


I 

a 


y-E, 

R„ 


V-E, 


When the motor is at rest, the induced emf in the armature is 
zero (£^ oc N). Consequently, if full voltage is applied across the motor 
terminals, the armature will draw heavy current (/^ = V/RJ because 
armature resistance is relatively small. This heavy starting current 
has the following effects: 



Fig. 5.23 DC shunt motor 
starter 


(r) It will blow out the fuses and prior to that it may damage the insulation of armature winding 
due to excessive heating effect if starting period is more. 

(i'r) Excessive voltage drop will occur in the lines to which the motor is connected. Thus, the 
operation of the appliances connected to the same line may be impaired and in some cases they 
may refuse to work. 


To avoid this heavy current at start, a variable resistance is connected in series with the armature, 

as shown in Eig. 5.23, called a starting resistance or starter, and thus the armature current is limited 

\ 

y 


to safe value /„ = 


R,.+R 


. Once the motor picks up speed, emf is built up and current is reduced 


L = 


V-E, 


hi 


R„ + R 


. After that the starting resistance is gradually reduced. Ultimately, whole of the 


resistance is taken out of circuit when the motor attains normal speed. 
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Another important feature of a starter is that it contains protective devices such as overload 
protection coil (or relay) which provides necessary protection to the motor against over loading and 
no-volt release coil. 


5.15 Starters for DC Shunt and Compound Wound Motors 

The basic function of a starter is to limit the current in the armature circuit during starting or 
accelerating period. Starters are always rated on the basis of output power and voltage of the motor 
with which they are to be employed, e.g., 10 HP, 250 V shunt motor starter). A simplest type of 
starter is just a variable resistance (a rheostat) connected in series with the armature alone (not with 
the motor as a whole) as shown in Figs. 5.24(a) and (b). 




(b) For compound motor 


Fig. 5.24 DC Series and Compound motor starter 


It may be noted that shunt field is kept independent of starting resistance. It is because when supply 
is connected, it receives normal rated voltage and sets-up maximum (rated) flux. A higher value of 
flux results in a low operating speed and a higher motor torque for a particular value of starting 

current since speed is inversely proportion to flux per pole ^ j whereas motor torque is 

proportional to product of flux per pole and armature current {T oc (ji^. Hence, for a given load torque, 
the motor will accelerate quickly and reduces the starting period. Thus, the heating effect to armature 
winding is reduced. 

For all practical application, this starter is further modified which includes protective devices 
such as over-load release and no-volt release. The over-load release protects the motor against over¬ 
loading i.e., when the motor is over-loaded (or short circuited) this relay brings the plunger to its 
OFF position. On the other hand, the no-volt release brings the plunger to its OFF position so that 
the motor may not start again without starter. For shunt and compound motors there are two standard 
types of starters named as (a) three point starter and {b) four point starter. 


5.16 Three-point Shunt Motor Starter 

The schematic connection diagram of a shunt motor starter is shown in Fig. 5.25. It consists of starting 
resistance R divided into several sections. The tapping points of starting resistance are connected 
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to number of studs. The last stud of the starting resistance is connected to terminal A to which one 
terminal of the armature is connected. The + ve supply line is connected to the line terminal L 
through main switch. From line terminal, supply is connected to the starting lever SL through over 
load release coil OLRC. A spring S is placed over the lever to bring it to the off position, when supply 
goes off. A soft iron piece SI is attached with the starting lever which is pulled by the no volt release 
coil under normal running condition. The far end of the brass strip BS is connected to the terminal Z 
through a no volt release coil NVRC. One end of the shunt field winding in connected to Z terminal 
of the starter. An iron piece is lifted by OLRC under abnormal condition to short circuit the no-volt 
release coil. The negative supply line is connected directly to the other ends of shunt field winding 
and armature of the DC shunt motor. 



Operation 

First of all the main switch is closed with starting lever resting in off position. The handle is then 
turned clockwise to the first stud and brass strip. As soon as it comes in contact with first stud, 
whole of the starting resistance R is inserted in series with the armature and the field winding is 
directly connected across the supply through brass strip. As the handle is turned further the starting 
resistance is cut out of the armature circuit in steps and finally entire starting resistance is cut out 
of armature circuit. 

No-volt Release Coll and Its Function 

A no-volt release coil is a small electromagnet having many turns of fine wire. It is connected in series 
with shunt field winding and therefore, carries a small field current. When the handle is turned to 
on position, the no-volt release coil is magnetised by the field current and holds the starting lever at 
on position. In case of failure or disconnection of the supply, this coil is demagnetised and the lever 
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comes to the off position due to spring tension. Consequently. The motor is disconnected from the 
supply. If the spring with the no-volt release coil is not used the lever would remain in OA^-position 
in case of supply failure. And again, when the supply comes, the motor would he connected directly 
to the lines without starter. 

The other important advantage of connecting the no-volt release coil in series with the shunt 
field winding is that due to an accident if the circuit of field winding becomes open, the NVRC will 
be demagnetised and the starting lever is immediately pulled back to off position by the spring. 
Otherwise the motor would have attained dangerously high speed. 

Over-load Release Coll and Its Function 

An over-load release coil is an electromagnet having small number of turns of thick wire. It is 
connected in series with the motor and carries the line current. When the motor is over loaded (or 
short circuited), a heavy current more than predetermined value will flow through it. Then, the iron 
piece (armature or plunger) is lifted and short circuits the no-volt release coil. Hence the starting lever 
is released and pulled back to the off position due to spring tension. Thus the motor is disconnected 
from the supply and is protected against over loading. 


5.17 Four-point Starter 

For speed control of DC shunt or compound motors, a rheostat (variable resistor /?^) is connected in 
series with the field winding, as shown in Fig. 5.26. In this case, if a three-point starter is used and 
the value of is so adjusted that the current flowing through the shunt field winding is very small. It 
may be seen that the same current flows through the no-volt release coil, then the magnetic strength 
of the coil may be insufficient to hold the plunger at its ON position. This is an undesirable feature 
of a three-point starter. This feature makes a three-point starter unsuitable for such applications. 
Accordingly, a four-point starter is designed, as shown in Fig. 5.26, in which the current flowing 
through the no-volt release coil is made independent of the shunt field circuit. Figure 5.26(a) shows 
a four-point starter used with a shunt wound motor whereas Fig. 5.26(b) shows a starter used with a 
compound wound machine. 

Operation 

The working of a four-point starter is similar to a three-point starter with slight changes. 

In this case, when the plunger touches the first stud, the line current is divided into the following 
three parts: 

(i) First part passes through starting resistance and armature (as well as in series field for compound 
motors). 

(ii) Second part passes through the field winding (and speed control resistance if applied) and 
(Hi) The third part passes through no-volt release coil and protective resistance connected in series 

with the coil. 
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Fig. 5.26 Four-point DC motor starter 

It is evident that is a four-point starter, the no-volt release coil circuit is independent of the field 
circuit. Therefore, the change of current in the field circuit do not affect the pull exerted by the 
holding coil which remains always sufficient to prevent the spiral spring from restoring the plunger 
to its OFF position. 

While starting a motor with a four-point starter it is necessary to ensure that the field circuit is 
closed and the rheostat connected in series with the shunt field winding must be at zero resistance 
position. Moreover, whole of the starting resistance must come in series with the armature. 

Whenever a shunt motor is required to be stopped, it must be stopped by opening the line switch. 
In fact this switch can be opened without any appreciable arc since the motor develops back emf 
nearly equal to applied voltage and the net voltage across the switch contacts is very small. The 
electromagnetic energy stored in the field does not appear at the switch but it gradually discharges 
through the armature. The motor should never be stopped by bringing the plunger (starting arm) 
back to the OFF position, because in such cases, when the field circuit breaks at the last stud placed 
near the OFF position, a heavy spark occurs owing to the inductive nature of the field. Usually, this 
sparking burns the contact. 

Moreover, while stopping the motor, the value of resistance connected in the field circuit should 
always be reduced to zero so that speed of motor falls to its normal value. This ensures that, when 
the motor is started next time, it must start with a strong field and higher starting torque. 
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5.18 Calculation of Step Resistances Used in Shunt Motor Starter 

For starting a motor from stand still to its rated speed, it is normally desirable to increase the speed 
gradually to maintain the angular acceleration constant during the starting period. The angular 
acceleration is proportional to the net torque, which is in turn nearly proportional to the product of 
flux (^) and armature current i.e., T oc (j)I^. The flux cj) will remain constant provided line voltage 
remains constant. Hence it follows that substantially constant angular acceleration calls for constant 
armature current during starting period. 

We know. Speed, N oc —^ oc -—^— 

(j) (I) 


where R = resistance of armature plus the resistance of starter. 

Since and cj) are to be kept constant, therefore, for increasing the speed {N) gradually, R should 
be varied (reduced) in such a way that the above relation must be satisfied. For different values of 
armature current, the value of R is given by the expression, d 


R = ^ where /T is a constant 


Note the Steps: 


V - LR 

Noc -or (j>NocV-IR 


KN=V-IR or R = 


V - KN 


In starters, usually the value of R is changed in steps and, therefore, armature current will change 
in two extreme values. Accordingly, the steps of the starter are designed in such a way that armature 
current varies in between these limits so that torque may not change to a greater degree. 

The fuse or MCB placed in the motor circuit is usually not larger than 150% of the motor full¬ 
load current. 

Let /j and be the maximum and minimum value of the current drawn by the motor during 
starting. Let the starter has n-sections each having a resistance as r^, r^, Vy. .r^ as shown in Fig. 5.27. 
Let the total resistance of armature circuit when the starting arm is kept at stud No. 1, 2, 3, ... n and 
n H- 1 be Ry Ry Ry .. .R^ and R^^^ (where R^^^ = RJ, respectively. 



Fig. 5.27 Design of shunt motor starter 
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Just at the time of starting when the starting arm is brought in contact with stud-1, the motor is 
stationary and there is no back emf, the maximum value of current drawn by the motor, 




...(5.11) 


The motor starts rotating and picks up speed which develops a back emf (where oc 
and the current drops to (the starting arm is still at stud-1), therefore. 


V-E^ 


...(5.12) 


Now the starting arm is shifted to stud-2, the speed of the motor is still and the back emf is 
also but the circuit resistance is reduced to due to this the current again attains its maximum 
value /j, i.e.. 


V-E^ 


...(5.13) 


The motor picks-up speed further and its value reaches to N, which develops a back emf , {E,, 


oc N^) and the current drops to (the starting arm is still at stud-2), therefore, 
. V - 


...(5.14) 


Further, starting arm is shifted to stud-3, the speed is still N 2 and back emf is £^2 but the circuit 
resistance is reduced to Ry thus the current again attains its maximum value /j, i.e.. 


V-E^ 


...(5.15) 


Dividing eqn. (5.13) by (5.12) and eqn. (5.15) by (5.14), we get. 


V-E^ 


V-E, 


V-E, 


V-E, 


or ^ ^ ^ = K (say) ...(5.16) 

1 2 1^2 

and ^ or ^ 

R 2 /?3 /?3 

Similarly, the starting arm is shifted to next studs in sequence and ultimately reaches to stud 
number (n + 1), then we get. 


/?2 Rj R 4 

and ^ X ^ X ^ X ... X x ^ = K" 

Ri R3 R4 R/i Ra 


- - K 


=K" ox £ = 


...(5.17) 
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If the values of armature resistance R^, limiting currents /j (max. value) and (min. value) are 
known, the value of and K can be determined from eqn. (5.11) and (5.16) respectively. At the same 
time, the number of section (n) can be determined by using eqn. (5.17). 

By knowing the value of R^ and K, one can determine the values of R^, Ry Ry ... by using 
the eqn. {vi) and then the value of resistance of each step can be determined, i.e., ry = R^ - Ry 
= R~-R^\ r-,= R-,-R~\ ...\ r =R -R 

Example 5.11 

A 152 V DC shunt motor has an armature resistance of 0.3 Q, a brush voltage drop of 2 V, the rated 
full load current is 70 A. Calculate (i) the current at the instant of starting as a percentage of full 
load current (ii) the value of starting resistance to limit the motor current at the instant of starting 
to 150 percent of the rated load current. 


Solution: 

Here, V = 152 V; R^ = 0.3 Q; = 70 A 

(i) Starting current with no-additional resistance in the armature circuit. 


f _ V - brush contact drop _ 152-2 _ a 
^ ■ 

1^ as a %age of full-load = ^ x 100 = ^ X 100 = 714.3 

fl 

Let the total resistance required in the armature circuit to limit the starting current to 150 per 
cent of the rated load current be Ry then 


V - brush contact drop 
1.5 X Iji 


152-2 
1.5 X 70 


= 1.43 ohm 


(ii) Additional resistance required for starting 

R = R^-R^= 1.43 - 0.3 = 1.31 n (Ans.) 


Example 5.12 

A 10 b.h.p. (7.46 kW), 200-V shunt motor has full-load efficiency of 85%. The armature has a 
resistance of 0.238 Q. Calculate the value of the starting resistance necessary to limit the starting 
current to 1.5 times the full-load current at the moment of first switching on. The shunt current may 
be neglected. Find also the back emfofthe motor, when the current has fallen to its full-load value, 
assuming that the whole of the starting resistance is still in circuit. 


Solution: 

Full load motor current, 1^^ = ^qq ^ ~ 43.88 A 

Starting current, f = 1.5 x 43.88 = 65.83 A 

/? = -^ = = 3.038 Q;R = 0.238 Q 

^ o5.o3 “ 

Starting resistance = R^-R^= 3.038 - 0.238 = 2.8 Q (A/75’.) 
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Now, 

Now, 


full-load current, = 43.88 A = /^ 


I 

a 


V-E, 

El 


= y- 4/?i = 200 - (43.88 x 3.038) = 67 V (Ans.) 


Example 5.13 

A 230 V shunt motor has an armature resistance of 0.4 Cl. The starting armature current must not 
exceed 45 A. If the number of sections are 5, calculate the values of resistance steps to be used in 
the starter. 


Solution: 

Number of sections of the starter, n = 5 

Resistance of armature circuit at the starting instant 

V _ 230 
45 




= 5.11 Cl 


Ratio of maximum to minimum current during starting, 

\l/n 




-'f 


5.11 

0.4 


1/5 


= 1.6645 


Resistance, R, = = 3.07 Cl ; Resistance, R, = -J- = , 

2 ic 1.6645 ^ K 1.6645 


= 1.844 Cl 


Resistance, 

Resistance of 1st to 5th section 


= 1.108 Cl ; Resistance, R. = = 0.666 Cl 

^ K 1.6645 

rj = Rj - R 2 = 5.11 - 3.07 = 2.04 Cl (Ans.) 
r, = R, - R, = 3.07 - 1.844 = 1.226 Cl (Ans.) 


r, = R, - R, = 1.844 - 1.108 = 0.736 Cl (Ans.) 


r 4 = R 4 - Rj = 1.108 - 0.666 = 0.442 Q (Ans.) 
r^ = R.-- R = 0.666 - 0.4 = 0.266 Cl (Ans.) 


Example 5.14 

A 220-V shunt motor has an armature resistance of 0.5 Cl. The armature current of starting must 
not exceed 40 A. If the number of sections is 6, calculate the values of the resistor steps to be used 
in this starter. 


Solution: 

Here, V = 220 V; R = 0.5 C1-, I = 40 A; n = 6 

’ ^ a ’ max ’ 


^i=^=5-5a 


D 

= R" or R, = R R" 
Ra ' 


Now, 
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5.5 = 0AK(’ovtf = 5.5/0.4 = 13.75 
6 log,„ K = log,„ 13.75 = 1.1383; K = 1.548 


R. = ^ = 


K 1.548 


= 3.553 n 




1.482 n 


: 0.958 Q 


: 0.619 n 


Resistance of various (1st to 6 th) sections; 


Rj - ^2 = 5-5 - 3.553 = 1.947 W (Ans.) 
r^= R 2 -Ri= 3.553 - 2.295 = 1.258 W (Ans.) 
r 3 = R 3 - R 4 = 2.295 - 1.482 = 0.813 Q. (Ans.) 
r^= R 4 - R 5 = 1.482 - 0.958 = 0.524 Q (Ans.) 
'■ 5 = ^ 5 -^ 6 = 0-958 - 0.619 = 0.339 Q (Ans.) 
rg= Rg - = 0.619 - 0.4 = 0.219 Q (Ans.) 


Example 5.15 

A 250 V DC shunt motor has an armature resistance of 0.125 ohm and a full load current of 150 
ampere. Calculate the number and values of resistance elements of a starter to start the motor on 
full load, the maximum current not to exceed 200 A. 

Solution: 

As the motor is to start against its full load, hence the minimum current is its full load current i.e., 
150 A. 

1 = 200 A; / . = 150 A 

max ’ mm 

_ ^max. _ 200 _ 4 

“ 150“3 


V _ 250 


= 1.25 ohm and/? = 0.125 ohm 


(given) 


I 


Taking logs on both sides, we have 


n. log — = log 10 or 72 X 0.1248 = 1 or 72 = 8 (Ans.) 
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R.= ^ = 1.25 X 4 = 0.938 Q. ; 

^ K 4 

R,= ^ = 0.703 X I = 0.527 Q. ; 

K 4 

/?.= % = 0.395 X I = 0.296 Q ; 

6 X 4 

R.= ^ = 0.222 X 4 = 0.167 Q ; 

^ K 4 

Resistance of various steps in the order of 1st to 8th, 


^7 

^9 


Tj =Rj-R2= 1-25-0.931 =0.312 Q ; r^ 

r^ = R^-R^ = 0.703 - 0.527 = 0.176 Q ; 

= =0.395-0.296 = 0.099 Q; r^ 

r^ = Ry-Rg= 0.222 - 0.167 = 0.055 Q ; 


% = 0.938 X I = 0.703 Q 
K 4 

% = 0.527 X I- = 0.395 Q. 

K 4 

^ = 0.222 X 4 = 0.222 Q 
K 4 

^ = 0.167 X 4 = 0.125 Q = R 
K 4 “ 

Rj - R 3 = 0.938 - 0.703 = 0.235 Q 
R 4 - Rj = 0.527 - 0.395 = 0.132 Q 
Rg - R 7 = 0.296 - 0.222 = 0.074 Q 
Rg-R<) = 0.167-0.125 = 9.042 Q 


Example 5.16 

Find the value of the step resistance in a 6-stud starter for a 5 h.p. (3.73 kW), 200-V shunt motor. 
The maximum current in the line is limited to twice the full-load value. The total Cu loss is 50% 
of the total loss. The normal field current is 0.6 A and the full-load efficiency is found to be 88%. 


Solution: 


Output = 3730 W 

Input = ^ jQQ ^ 4238 W 

rj %% 

Total loss = 4238 - 3730 = 508 W 


Armature Cu loss 


508 


:254 W 


Input 4238 o, m a 
I nput current = —= 21.19 A 

Armature current, I = I -I = 21.19 - 0.6 = 20.59 A 

’ <3 L sn 


Now 


(20.59)2 R^ = 254 


R 


254 


: 0.5989 Q 


(20.59)^ 

Permissible input current = 21.19 x 2 = 42.38 A 
Permissible armature current = 42.38 - 0.6 = 41.78 A 


200 






4.787 = 87 X 0.5989 
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= 4.787/0.5989 = 7.993 


or 


5 log = log 7.993 = 0.9027 







log/f= 0.1805;/!:= 1.516 





Now = 

Ri 

= = 3.159 Q ; 

R. = 

Ri 

_ 3.159 

= 2.084 Q 

2 

K 

1.516 

3 

K 

1.516 

Ra = 

R, 

= = 1-376 FI ; 

R. = 

Ra 

_ 1.376 

= 0.908 Q 

4 

K 

1.516 

5 

K 

1.516 


Resistance in 1st step - Rj - Rj = 4.787 - 3.159 = 1.628 fl. {Ans) 
Resistance in 2nd step -R^-R^ = 3.159 - 2.084 = 0.075 Q. {Ans.) 
Resistance in 3rd step - R^- R^ = 2.084 - 1.376 = 0.708 Ei. {Ans) 
Resistance in 4th step - R^-R^ = 1.376 - 0.908 = 0.468 Q. {Ans.) 
Resistance in 5th step - R^- R^ = 0.908 - 0.5989 = 0.309 Q.. {Ans.) 


5.19 Series Motor Starter 

A series motor starter is also called a two-point starter. Its internal and external connections are 
shown in Fig. 5.28. 



Fig. 5.28 Two-point series motor starter 

Here, for starting the motor, the control arm or plunger is moved in clockwise direction from 
its OFF position to ON position against the spring tension. In the beginning, all the sections of the 
starting resistance are connected in series with the armature to limit the current to predetermined 
value. As the starting arm moves, various steps of the starting resistance are cut out of circuit and 
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ultimately whole of the starting resistance is cut-out and the control arm is held in the position by 
an electromagnet. The hold-on (no-volt release) coil is connected in series with the armature circuit. 
If the motor loses its load, current drawn by the motor decreases which decreases the strength of the 
hold-on coil. Immediately the arm goes back to the OFF position due to strong spring tension; thus 
preventing the motor from over-speed. The control arm or plunger also goes back to the (9/^F position 
when supply goes OFF or when the supply voltage decreases appreciably. L and Y are the two points 
of the starter through which supply line terminal and the motor (series field) terminal is connected. 

For stopping the motor, the line switch should always be opened rather than bringing the control 
arm back to its OFF position. If it is done a heavy sparking occurs at the last stud placed near the 
OFF position. This sparking occurs due to dissipation of energy stored in the magnetic field of series 
field winding. 

Example 5.17 

A 240 V series motor takes 40 A when giving its rated output at 1500 rpm. Its armature and series 
field resistance is 0.18 Fi and 0.12 fl respectively. Find the external resistance which must be added 
to obtain rated torque (i) at starting and (ii) at 1000 rpm. 

Solution: 

Since torque remains the same in both the cases, the current drawn by the motor remains constant 
at 40 A, because T xO I. 

^ ^ 

We know, current drawn by the motor, I = — --—-—- 

K+Rse+R 

where R is external resistance connected in series with motor at start 


or 


40 

R 


240-0 

0.18 -F 0.12 -I- F 
^ - 0.3 = 5.7 n (Ans) 


(since at start F^ = 0) 


Back emf, F^ =V-I{R^ + RJ = 240 - 40 x (0.18 -H 0.12) = 228 V 


Back emf, F,^ = X ^ = 228 X = 152 V 

f = ^ 240 - 152 

Ra+Rse+R’ 0.18 -I-0.12 -t-F 


F 



= 1.9 n (Ans.) 


Section Practice Problems 


Numerical Problems 

1. A DC series motor draws 50 A at 230 V. Resistance of armature and series fieid winding is 0.2 Q. and 0.1 
Q respectiveiy. Caicuiate (/) brush voitage (/'/) back emf, {Hi) power wasted in armature, and mechanicai 
power deveioped. (Ans. 225K 215 K 500 W, 10.75 kW) 
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2. The field resistance and armature resistance of a 120 V DC dhunt motor is 60 ohm and 0.2 ohm respectively. 

The motor draws 60 A current at full-load, 1800 rpm. If the brush contact drop is 3V, find the speed of 
the motor at half load. (Ans. 7902) 

3. A 250 V DC shunt motor, on no-load draws a current of 5A and runs at 1000 rpm. The armature and field 
resistance of the motor is 0.025 ohm and 250 ohm respectively. If the motor draws 41 A at full-load what 
will be the speed of the motor. Assume that the field is wakened by 3% due to armature reaction. 

(Ans. 993.67) 

4. A DC series motor draws 80 A at 230 V and rotates at 1000 rpm. The armature and series field resistance 

is 0.11 ohm and 0.14 ohm respectively. Calculate the speed of the motor when it draws 20 A from the 
mains assuming that the field is reduced to 0.4 times the previous one. (Ans. 2678 rpm) 

5. A 220 V DC series motor draws full-load line current of 38 A at the rated speed of 500 rpm. The series 
field and armature resistance of the motor is 0.2 ohm and 0.4 ohm respectively. Considering brush drop 
as 3.0 V irrespective of the load and neglecting armature reaction, find: 

(/) The speed of the motor when the load current drops to 19 A 

(/7) The speed on removal of load when the motor takes only 1A from supply. 

(///) The internal horse power developed in each of the above cases. 

(Ans. 1058 rpm; 21172 rpm; 10, 5.31, 0.294) 

6. A belt driven DC shunt generator runs at 1200 rpm delivering 10 kW at 220 V brushes. The belt breaks, 

following which the machine operates as a motor drawing 2 kW power. What will be its speed as a motor. 
The armature and field resistance are 0.25 n and 55n respectively. Ignore armature reaction and assume 
the contact drop at each brush to be IV. (Ans. 1100) 

7. The field and armature resistance of a DC shunt machine is 60 ohm and 0.015 ohm respectively. When 
working as a generator it delivers 60 kW at 240 V and 720 rpm. What will be its speed when the same 
machine works as a motor drawing 60 kW at 240 V assuming that contact voltage drop per brush is 1 V. 

(Ans. 686.3 rpm) 

8. A12 hp, 230 V shunt motor has an armature circuit resistance of 0.5 n and a field resistance of 115 Q. At 
no-load and rated voltage the speed is 1200 rpm and the armature current is2A. If the load is applied, the speed 
drops to 1100 rpm. Determine the armature current, the line current and torque. 

(Ans. 40.2 A: 42.2 A; 73.2 Nm) 

9. A 250 V, four-pole shunt motor has wave winding with 500 conductors. The armature circuit resistance 
is 0.25 n, field resistance is 100 Q and the flux per pole is 0.02 Wb. Armature reaction is neglected. If 
the motor draws 14.5 A from the mains, then compute speed and the torque developed in the armature. 

(Ans. 741 rpm, 38.2 Nm) 

10. The field winding and armature resistance of a 230 V DC shunt motor is 230 ohm and 0.5 ohm respectively. 

It draws 3 A at no-load and runs at a speed of 1000 rpm. At full load and rated voltage, the current drawn 
is 23 A and the armature reaction causes a drop of 2% in flux. Determine (/) full-load speed (;7) full-load 
torque. (Ans. 976 rpm, 47.15 Nm) 

11. The field and armature resistance of a 200 V DC series motor is 0.2 ohm and 0.3 ohm respectively. It 
draws 20 A at full-load and runs at 700 rpm. Assuming the magnetic circuit unsaturated, what will be the 
speed if (/) the load torque is increased by 44% (//') the motor current is 10A? 

(Ans. 577.2 rpm, 1437rpm) 
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12. A120 V DC shunt motor has an armature and shunt field winding resistance of 0.2 Q and 120 Q respectively. 
The brush voltage drop is 2 V. The rated full-load armature current is 75 A. Calculate the current at the 
instant of starting and its value in terms of percentage of full-load armature current.(Ans. 591 A; 788%) 

13. A 440 V, 80 A, 1200 rpm DC shunt motor has an armature resistance of 0.55 Q. Determine the resistance 
for each step of the starter for accomplishing starting in 4 steps. The maximum armature current should 
not exceed 150% of the full-load current. Neglect shunt field current being small. 

(Ans. 1.38470., 0.86180, 0.5364 0 and 0.3338 0) 

14. A 25 hp, 220 V DC shunt motor has an armature resistance of 0.1 O. At full-load, it draws an armature 
current of 95A and runs at a speed of 600 rpm. It is to be braked by plugging. Estimate the value of the 
resistance which should be placed in series with it to limit the current to 130 A. What should be the initial 
value of the electric braking torque and value when the speed has fallen to half its full load value? 

(Ans. 3.2110; 400.5 Nm; 302.57 Nm) 


Short Answe Qy p e_ Q u es tions 

Q.l. How does a DC motor differ from a DC generator in construction? 

Ans. Basically, there is no difference in the construction of a DC generator and motor, however the frame of 
the generator can, as a rule, be open but those of motors should be either partly or totally enclosed. 

Q.2. Why the emf generated in the armature of a DC motor is cailed the hack emf ? 

Ans. Because this induced emf in a DC motor opposes the applied voltage, therefore, it is called back or 
counter emf. 

Q.3. What do you understand hy self excitation mode of DC machine? Name two DC machines working 
in this mode. 

Ans. The DC machine in which field winding(s) is/are excited by the current supplied by the machine itself is 
said to be in its self excited made. In such machines the field coils are inter-connected with the armature 
winding. 

The self excited machines may be (/) DC shunt machine (//) DC series machine 

Q.4. What will he the effect on direction of rotation of a DC series motor if the supply terminals are 
reversed? 

Ans. There will be no effect, motor will rotate in the same direction, as before the reversal of line terminals. 

Q.5. How can the direction of rotation of a DC shunt motor he reversed? 

Ans. Direction of rotation of a DC shunt motor can be reversed by reversing the current flow through either 
the armature winding or the field winding. 

Q.6. What do you mean hy speed regulation of a DC motor? 

Ans. The speed regulation of a DC motor is defined as the change in speed when the load on the motor is 
reduced from rated load to zero load and is expressed in percentage of rated full-load speed 

Q.7. In a DC motor, the brushes are given a backward shift why? 

Ans. In a DC motor, the brushes are given backward shift to neutralise the effect of armature reaction and 
further to reduce sparking at the commutator. 
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Q.8. What should he the location of interpoles in a (/) motor (//) generator. 

Ans. In caseof a motors, the interpoles having the same polarity as that ot main poles must be placed behind 
them, whereas in case ot a generators, the interpoles having same polarity as that ot the main pole 
must be placed ahead ot them in the direction ot rotation. 

Q.9. Why large variable speed DC motors are fitted with compensating windings? 

Ans. To reduce sparking at brushes due to armature reaction. 

Q.10. Why is the starting torque of a DC series motor more than that of a DC shunt motor of the same 
rating? 

Ans. In case of a DC series motor flux ^is directly proportional to armature current 4 (before saturation) 
and, therefore, torque developed T^oc /| while in case of a DC shunt motor torque developed oc 

(flux being constant). Obviously on the basis of the same kW output and speed, a DC series motor 
develops the torque more than that of a shunt motor. Hence, series motors are capable to pick heavy 
loads at start. 

Q.11. What would you expect if the field winding of a DC shunt motor gets disconnected while in normal 
operation? 

Ans. The flux will drop to almost zero value (residual value) and, therefore, the speed will increase to a 
tremendously high value and the motor may get damaged due to heavy centrifugal forces. 

Q.12. What is the purpose and location of a series field winding? 

Ans. Series field winding is connected in series with the armature and placed over the magnetic pole core 
to set up necessary flux in the machine for production of torque. 

Q.13. A DC shunt motor runs away at heavy loads. Comment. 

Ans. The field may be weakened, due to armature reaction at heavy loads, to the extent that the motor runs 
away. 

Q.14. What is difference between cumulative compound and differential compound wound motors? 

Ans. In cumulative compound wound DC motors, the field produced by series field winding assists the field 
produced by shunt field winding, whereas in differential compound wound motors series field opposes 
the shunt field. 

Q.15. A long shunt DC compound motor is cumulatively compounded. Without any change in connection, it 
is now run as a DC generator. State whether it will now be differentially or cumulatively compounded. 

Ans. When a cumulatively compounded long shunt DC motor is run as a generator, the shunt and series field 
currents produce flux in opposite directions and thus it will operate as a differentially compounded 
generator. 

Q.16. What is the field of application of DC shunt motor and DC series motor. 

Ans. DC shunt motors are almost constant speed motors. These motors develop medium starting torque 
and their speed can be adjusted by using speed control methods. Therefore, shunt motors can be used 
for the loads which are totally and suddenly thrown off without resulting in excessive speed. Being 
constant speed motors, they are best suited for driving of line shafts, machine lathes, milling machines, 
conveyors, fans and for all purposes where constant speed is required. 
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DC series motors are variable speed motors. These motors develop large starting torque but attain 
dangerously high speed on no-load. So these motors cannot be operated at no-load. Series motors 
are best suited for electric traction, elevators, cranes, vacuum cleaners, sewing machines etc. 

Q.17. Identify suitable DC motors for the following applications: 

(a) Electric traction {b) Vacuum cleaners (c) Paper making (d) Shearing and punching. 

Ans. (a) DC series motor {b) DC series motor (c) DC cumulative compound motor (c/) DC cumulative compound 
motor. 

Q.18. What would happen if a DC motor is directly switched DN to the supply, without any starter? 

Ans. If a DC motor is directly switched ON to the supply, it will draw heavy current (about 10-12 times its 
rated value) which may over-heat the motor or damage it, depending upon the starting period. 

Q.19. Why a starter is necessary for a DC motor? 

Or 

Why starters are used for DC motors. 

Ans. A starter is employed to limit the starting current and provide necessary safety to the motor. 

Q.20. A DC shunt motor is connected to a three-point starter. What would happen if 

(i) the starter handle is moved rapidly from ‘off to 'on' position; 

(ii) the field circuit becomes open-circuited with the motor running at no-load; 

(iii) the starter handle is pulled back to stop the motor. 

Ans. (/) When the starter handle is moved rapidly from ‘OFF’ to ‘ON’ position, the resistance connected in 
series with the armature is being cut out at a taster rate and the speed of the motor is increased 
at a slow rate. Because of this the armature current will increase to a larger value and the ratio of 
upper and lower values of currents will not be maintained. 

(//') With the opening of field circuit with motor running at no-load, the field current will reduce to 
zero. So flux collapses and reduced to zero, in the process, the speed of motor will suddenly starts 
increasing and continue to increase if the supply is not cut-off. 

{Hi) Sparking will occur at the last stud due to release of energy stored in the magnetic field of field 
winding, which may burn it. 

Q.21. It is desirable that the starting lever of a motor starter should fall back to off position when the 
power goes off. Why? 

Ans. If the starter arm remains in the “ON” position when supply goes off, then on restoring the power 
supply, the motor will start without starting resistance. Hence, motor will draw heavy current when 
supply is restored. 

Q.22. Discuss the limitations of a three-point starter. 

Ans. In a three-point starter, the no-volt release coil is connected in series with the shunt field winding. If the 
field current is decreased to low value for speed control then magnetic strength of the no-volt release 
coil decreases to such an extent that spring tension brings the starting arm back to OFF position. To 
overcome this problem a four-point starter is used. 

Q.23. Why do you prefer starter to rheostat in starting DC motors? 

Ans. The starter also contains protective devices, such as no-volt release, overload release, etc. 
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Q.24. How does four point DC shunt motor starter differs from three point starter? 

Ans. In a four point starter the circuits of no-volt release coil and shunt field are made independent and so 
the operation of no-volt release is not effected due to variations in field current. 


5.20 Speed Control of DC Motors 

The speed of a DC motor is given by the relation N oc where = V-I^R^ 

y-hRn 

Noc - 

0 

From the above equation it is clear that the speed of DC motors can be controlled; 

1. By varying flux per pole cf). This is known as flux or field control method. 

2. By varying the armature drop, i.e., by varying the resistance of armature circuit. This is known 
as armature control method. 

3. By varying the applied voltage. This is known as voltage control method. 


5.21 Speed Control of Shunt Motors 

5.21.1 Field Control Method 

The speed of a DC motor can be increased by weakening the field and it can be decreased by 
strengthening the field. In DC shunt motors, the speed adjustments can be made by field control 
method by employing any one of the following methods: 

1. Field-rheostat control method 

2. Reluctance control method 

3. Field-voltage control method 

1. Field rheostat control method. The flux produced by the shunt field winding depends upon 

the current flowing through it (i.e., cf) oc and . When a variable resistance R is 

\Rsh) 

connected in series with the shunt field winding as shown in Fig. 5.29(a). The shunt field current 

hh ~ ^ H reduced and hence the flux (f). Consequently, the motor runs at a speed 

Rsh+ R) 

higher than the normal speed (since N oc 1/^), as shown in Fig. 5.29(b) The amount of increase 
in speed depends upon the value of variable resistance R. 

This method is most common since very little power (/^^^ R) is wasted in the shunt field variable 
resistance due to relatively small value of 

In this method speed can be only increased, thus we can obtain speeds above normal. The other 
limitations and drawbacks of this method are: 


(i) Speeds below normal cannot be obtained. 
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{ii) The speeds above normal can be obtained by weakening the field. The advantage of high 
speed cannot be considered for increase in power output rather to compensate the power, 
armature has to draw extra current from the mains. 
iiii) To obtain high speed, the field is very weak, to obtain certain load torque, armature draws 
extra current which may causes overheating of armature winding; poor commutation and 
instability. 

Hence, the high speeds are restricted to certain extent. High speeds are also restricted due to 
mechanical considerations such as centrifugal forces developing in the armature conductors 
and friction occurring at the bearings. 

Accordingly there is a limit to the maximum speed obtainable with this method. It is mainly 
because of poor communication at weak fluxes. A ratio of maximum to minimum speeds of 6 is 
fairly common. 



■D 

0) 

0 

Q. 

CO 


Weak field 
Weak field 
Normal field 
^2<<Pl<<P 


o 


<f>2 


Torque 

(b) Speed-torque characteristics 


Fig. 5.29 Speed control of DC shunt motor by field control method 


2. Reluctance control method. The flux or field can also be controlled by controlling the reluctance 
of the magnetic circuit, but this can only be obtain by employing some special mechanical 
features which increases the cost of machine. Therefore, practically this method is not employed. 

3. Field-Voltage control method. The flux or field can also be controlled by supplying variable 
voltage to the field winding. This can only be achieved by disconnecting the field winding from 
the armature and supplying variable voltage from some other source. Then the motor is treated 
as separately excited DC motor. 


5.21.2 Armature Control Method 

In this method, voltage applied to the armature is changed without altering the field current. This 
cannot be achieved by just changing the common supply voltage because it will also affect the field 
simultaneously and the combined effect will have little change in the speed of shunt motor. Hence, to 
adjust the speed of DC shunt motors by armature control method, different arrangements are made 
and the methods are known as: 

1. Armature-resistance control method 

2. Shunted-armature control method 

3. Armature terminal-voltage control method 
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1. Armature resistance control method. In a shunt motor, flux is constant when applied terminal 
voltage and shunt field resistance are constant. Therefore, speed of the motor is directly 
proportional to induced em/(i.e., A oc and £'^= VRJ. The value of depends upon the 
drop in the armature circuit. When a variable resistance is connected in series with the armature 
as shown in Fig. 5.30(fl) the induced emf reduced and hence the speed. 

Thus, the motor runs at a speed lower than the normal speed as shown in Fig. 5.30(h). 



(a) Circuit diagram (b) Speed-torque curve (c) N-lg curve 

Fig. 5.30 Speed control of DC shunt motor by armature control method 

For a constant load, the armature current remains the same so the input to the motor remains 
the same but the output decreases in proportion to the speed. Therefore, for the loads such as 
fans and centrifugal pumps where the load torque decreases with the fall in speed, this method 
of speed control is quite convenient and economical. 

By this method, a wide range of speeds (below normal) can be obtained. Moreover, motor 
develops any desired torque over its operating range since torque depends only upon the armature 
current (flux remaining unchanged). The major advantage of this method is that the speed of the 
motor can be reduced to any low value and creeping speed (only a few rpm) can be developed 
so easily, as shown in Fig. 5.30(c). 

The major disadvantage of this method of speed control is that there is heavy loss of power in 
the control rheostat. 

2. Shunted-armature control method. An armature resistance control method is very simple 
and usually employed when speeds below normal are required. But this method suffers from 
the drawback that the motor speed changes with every change in load on the machine. It is 
because the speed variation does not depend only upon the controlling resistance but it also 
depends upon load current. Because of this reason constant speed cannot be obtained in case 
of rapidly changing loads. To improve the stability, a shunt diverted is used across the armature 
in addition to series resistance, as shown in Fig. 5.31(fl). By this arrangement, the changes in 
armature current due to change in load torque will not be so effective to change the voltage 
across armature and hence the speed of the motor remains almost constant. 

Figure 5.31(^7) shows the speed-torque characteristics for shunted armature control method. 
In this method, the ideal no-load speed of the motor (A'g) will be less than that obtained by 
conventional series resistance method (Aq). This difference occur due to the fact that even if 
no current flows through the motor armature, there is some current in the series resistance and 
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the diverter. Hence, there is some voltage drop in series resistance which reduces the voltage 
coming across the armature. Thus, in this arrangement, the voltage coming across the armature 
is always less than the supply voltage. Whereas in case of conventional series resistance control 
method, the voltage coming across armature is V. The following three characteristics have been 
drawn in Fig. 5.31(^). 

(i) Normal speed-torque characteristics - curve-A. 

(ii) Speed-torque characteristics with conventional series resistance control - curve-B 
(Hi) Speed-torque characteristics with shunted armature control - curve-C. 




(b) N-T characteristics 

Fig. 5.31 Speed control of DC shunt motors by shunted armature control method. 


3. Armature terminal-voltage control method. In this method, speed of a DC shunt motor is changed 
by changing the voltage applied across the armature. This can be achieved only by providing a 
separate voltage source. Although this method avoids the disadvantages of poor speed regulation 
and low efficiency, which are the characteristics of armature-resistance control method, but it 
is very expensive and has very high initial cost. It is because an adjustable voltage generator or 
an adjustable electronic regulator is required to supply variable voltage to the armature. Both 
these machines are very costly. 

This method gives a large range of speeds with any desired number of speed points. It is 
essentially a constant-torque system because the output of the motor decreases with a decrease 
in applied voltage and a corresponding decrease in speed. 


5.22 Speed Control of Separately Excited Motors 

Sometimes, it is also called an armature voltage control method of a DC shunt motor. In this case, a 
separate DC source is used to supply power to the armature of DC shunt motor or separately excited 
motor and the field winding is excited from a different source. The most common and accurate 
speed control method of separately excited DC motors is Ward-Leonard system as explained below: 

Ward-Leonard System 

This system is used to supply variable voltage to the motor. As shown in Fig. 5.32, a DC generator G 
is mechanically coupled with a prime mover PM which rotates the generator at constant speed. The 
field winding of the DC generator is connected to a constant voltage DC supply line through a field 
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regulator and reversing switch. The DC motor M is fed from the generator G and its field winding 
is connected directly to a constant DC supply line. 



The voltage of the generator fed to the motor, can be varied from zero to its maximum value by means 
of its field regulator. By reversing the direction of the field current by means of the reversing switch, the 
polarity of the generated voltage can be reversed and hence the direction of rotation of motor M. Hence, 
by this method, the speed and direction of rotation both can be controlled very accurately. 

The capital investment in this system is very high as two extra machines (a generator and a prime 
mover) are required. This system of speed control is best suited where almost unlimited speed control 
in either direction of rotation is required, e.g., in steel rolling mills, paper machines, elevators, cranes, 
diesel-electric propulsion of ships, etc. 


5.23 Speed Regulation 


The speed regulation of a DC motor is defined as the change in speed from full load to no-load and 
is expressed as a percentage of the full load speed. 


% Speed regulation = 


N.L. speed - F.L. speed 
F.L. speed 


X 100 = 


Nq-N 

N 


X 100 


...(5.18) 


Example 5.18 

The armature resistance of a 220 V DC generator is 0.4 ohm. It is delivering a load of 4 kW at rated 
terminal voltage Now the machine is operated as a motor and draws the same armature current at 
the same terminal voltage. In this operation, if the flux per pole is increased by 10% what will be 
the ratio of generator to motor 


Solution: 


4j “ 4 “ 


4 X 1000 


18.182 A 


As a generator; 


220 
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As a motor; 


Now 


/ =/, = 18.182 A 

a a2 

Eb = = 220 - 18.182 x 0.4 = 212.73 V 


(gi'^en) 


E E 

N, oc andA, oc 
1 ^1 2 ^2 


N, 


^ ^ 227.27 1-101 

01 Eb 01 212.73 


= 1.175 (Ans.) 


Example 5.19 

A 250 E g with R^ = 0.7 ohm DC shunt motor runs at 1250 rpm Its field is adjusted at no-load so 
that its armature carries a current of 16 A. When load is applied, the current drawn by it increases 
to 40 A and speed falls to 1150 rpm. How much flux per pole reduces due to armature reaction. 


Solution: 



At no-load; 

II 

O 

r 

V-I^qR^ = 250 - 1-6 X 0-7 = 248-88 V 

At full-load; 

Eb = 

V-I^R^ = 250 - 40 X 0-7 = 222 V 

Now, 

AqOC 

andAoc ^ 

00 0 

Therefore 

_N_ ^ 

Eb „ 00 


or 


or 


No 


0 : 

j>: 


V ^bO 

|^x^x0O 

^hO 

222 xl^xl = 0-96956 


248-88 1150 

Reduction in flux = 1 - 0-96956 = 0-03044 = 3'044 % (Ans.) 


Example 5.20 

A fan motor whose torque is proportional to the square of the speed is driven by a separately excited 
DC motor. The motor draws a current of 8 A at 120 V and runs at a speed of500 rpm. What voltage 
and current is to be applied to run the motor at 750 rpm. The armature resistance of the motor is 
1 ohm and losses are neglected. 

Solutiop: 

When 120 V is applied to the armature 
Armature current, / , = 8A 

’ al 

Back emf, E,. = V -1 ,R = 120 - 8xl = 112V 

’ ol al a 

Speed, Al = 500 rpm 

Let voltage of V volt be applied to the armature to raise the speed to 750 rpm. 
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j -T 

2“ 500 


= 2.25 7, 


or = 2.25 

Assuming flux as constant 

7^2 = 2.25 X = 2.25 x 8 = 18 A (Ans.) 


(Since T x given) 


(since T x (j) I) 


-^X El,, = 


X 112 = 168 V 


Applied voltage, 


y, = £,, + 7 ,7? = 168 + 18 X 1 = 186 V (Ans.) 


Example 5.21 

A 100 kW belt-driven shunt generator running at 300 rpm on 220 V bus bars continues to run as 
a motor when the belt breaks then taking 10 kWfrom the mains. What will be its speed? Armature 
resistance is 0.025 ohm, field circuit resistance is 60 ohm contact drop per brush is 1 V and ignore 
armature reaction. 

Solution: 

Shunt field current, 7 , = = 3.67 A 


(i) When the machine runs as a generator (see Fig. 5.33) 


100 X1000 


= 454.54A 


4j = 4i+ 4/! = 454.54 + 3.67 = 458.21 A 
E =V-\-l ,R +2u. 

g al a b 

= 220 + 458.21 X 0.025 + 2x1= 233.455 V 



220 V 
lOOkW 


Generator 

Fig. 5.33 Circuit diagram 



Fig. 5.34 Circuit diagram 


{ii) When the machine runs as a motor (see Fig. 5.59.) 


10 X1000 


= 45.45 A; 7 ,= 7,, - 7 , = 45.45 - 3.67 = 41.78 A 
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= y-7^2 K-'^^b= 220-41.78 x 0.025 -2x1 = 216.955 V 
In shunt machines, flux is constant; 


or 


or 


N-^ oc and N 2 oc 7?^ 

^2 _ 

yV2 = X iVi = mill X 300 = 278.8 rpm {Ans) 


Example 5.22 

A 240 V DC shunt motor has afield resistance of400 ohm and an armature resistance of 0.1 ohm. 
The armature current is 50 A and the speed is 1000 rpm Calculate the additional resistance in the 
field to increase the speed to 1200 rpm Assume that armature current remains the same and the 
magnetisation curve to he a straight line. 


Solution: 

When no resistance is added in the shunt field winding 
, y _ 240 


Shunt field current, 


sh 


^bl 


R 


sh 


"b2 ■ 


400 


= 0.6 A 


V-1 R = 240 - 50 X 0.1 = 235 V (since / is constant) 


Now, we know that, 


Noc ^ 


Aj oc 


^b\ 


^2 _ ^b2 

02 


and A, 


■^bl 


^b2 


02 


02 


As the magnetisation curve is a straight line, 0j oc 7^^ and 02 


C-E,,=E,2 = 225 V) 


A, 


^sh2 


^ sh2 
N, 




N, 


X7,,i =Sx0.6 = 0.5A 


1200 


or 


240 


0.5 


400 + R 

R = 80Q (Ans) 


Example 5.23 

A 250 y shunt motor runs at 1500 rpm at full load with an armature current of 15 A. The total 
resistance of the armature and brushes is 0.6 Q. If the speed is to be reduced to 1200 rpm with 
the same armature current, calculate the amount of resistance to be connected in series with the 
armature and power lost in this resistor. 
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Solution: 

During normal operating conditions; 

Armature current, I, = 15 A 

Back emf, ^ - 4i - 15 x 0.6 = 241 V 

Speed, Aj = 1500 rpm 

Let a resistance R ohm be connected in series with armature, then 
Speed, Aj = 1200 rpm 

Back emf, E^^ = V-(R + RJ = 250 - 15(0.6 + /?) = 241 - 15 R 

Ehj Nj 

Now, —^ = —- (Since flux is constant) 

Rbi ^1 

or 241 - 15R = 192.8 or R = 3.213 Q (Ans.) 
Power lost = ijR = (15)^ X 3.213 = 723 W (Ans.) 


Example 5.24 


A DC shunt motor runs at 1000 rpm on 220 V supply. Its armature and field resistances are 0.5 
ohm and 110 ohm respectively and the total current taken from the supply is 26 A. It is desired to 
reduce the speed to 750 rpm keeping the armature and field currents same. What resistance should 
be inserted in the armature circuit? 


Solution: 

Shunt field current, I , = = 2A 

Rsk 110 

Armature current, I =/,-/,= 26- 2 = 24 A 

’ a L sn 

When no resistance is connected in series with the armature, 

Induced emf, = V- IJi^ = 220 - 24 x 0.5 = 208 V 

Let the resistance connected in series with the armature be R ohm, as shown in Fig. 5.35. to reduce 
the speed to 750 rpm 

Then, induced emf, £^2 = 1^ “ 4 ^Ra + R) = 220 - 24 (0-5 + R) = (208 - 24 /?) V .. .(i) 



= 156V 
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Equating eq. (i) and {ii), we get, 

208 - 24 /? = 156 or R = 2.167Q {Ans) 


Example 5.25 

The armature resistance of a 200 V DC shunt motor is 0.5 ohm. When it draws an armature current 
of 30 A, it runs at a speed of 750 rpm. In order to reduce the speed to 450 rpm, what resistance must 
be added in the armature circuit keeping armature current constant. Further, what will be the speed of 
motor if its additional armature resistance is kept the same but armature current is reduced to 15 A. 


Solution: 

When no resistance is added in the armature circuit, 

Armature current, = 30 A 

Back emf, = V - l^i ^a~ - 30 x 0.5 = 185 V 

Speed, Aj = 750 rpm 

When a resistance (say R ohm) is connected in series with armature 
Armature current, I ., = I, = 30A 

Back emf, E^^ = V-(R^ + R) = 200 - 30(0.5 + R) = (185 - 30R) volt. 
Speed, = ^50 rpm 


or 

or 


Now, ^ = 
Em 

185 - 30R ^ 
185 

R = 


450 

750 

185-0.6x185 

30 


= 2.467 n (Ans.) 


When armature current (say f^) changes to 15A. 


(assuming flux as constant) 


Back emf, £^3 = V-I^^(R + RJ = 200 - 15(0.5 + 2.467) = 155.5 V 


Speed A 3 = 


Nr 


X = 750 X 
Em 


155.5 

185 


= 630.4 rpm (Ans.) 


Example 5.26 

A 230 V shunt motor is taking a current of 50 A. Resistance of shunt field is 46 Cl and the resistance 
of the armature is 0.02 Cl. There is a resistance of 0.6 Cl in series with the armature and the speed 
is 900 rpm. What alternation must be made in the armature circuit to raise the speed to 1000 rpm, 
the torque remaining the same. 

Solution: 


Line current, 1^^ = 50 A and Aj = 900 rpm 

Shunt field current, / , = = 5A 

Rsh 46 

Armature current, I, =/,-/,= 50- 5= 45 A 

’ L sn 
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Back emf, £^,1 = V - 4 {R^ + R) = 230 - 45 (0.02 + 0.6) = 202.1 V 
Let the series resistance be reduced from 0.6 Q to ohm to raise the speed to 1000 rpm. 
Since load torque is constant 


^’2 = 7’iOr42«^2 = 4l <t>i 


42= = =45A 


(since T x (p IJ 
(assuming flux unchanged) 


Speed, Aj = 1000 rpm 

Back emf, E^^ = V-(Ra + ^i) = 230 - 45 (0.02 + R^) = 229.1 - 45Ri 


Also 


"b2 


E 

^ A, 


(since flux is constant) 


or 229.1 - 45 Rj = 202.1 X 

or Rj = 0.1 El (Ans.) 

i.e.. Additional resistance of 0.6 El will have to be reduced to 0.1 El in order to raise the motor speed 
from 900 rpm to 1000 rpm. (Ans.) 


Example 5.2 

A 250 V shunt motor has an armature current of 20 A when running at 1000 rpm against full¬ 
load torque. The armature resistance is 0.5 El. What resistance must be inserted in series with the 
armature to reduce the speed to 800 rpm at the same torque, and what will be the speed if the load 
torque is halved with this resistance in the circuit. Assume the flux to remain constant throughout 
and neglect brush contact drop. 


Solution: 

At normal conditions; 4i = 20 A; Aj = 1000 rpm 

Back emf, = R - 4i = 250 - 20 x 0.5 = 240 V 


Let R be the resistance connected in series with the armature circuit to reduce the speed to 800 rpm, 
i.e., Aj = 800 rpm 

Load torque, = 4 (given) 

or 42 (j >2 = 4i (since T x cjtlj 

or 42 = 4i = 20 A (flux ^ being constant) 

Back emf E^^ = V-(R^ - R) = 250 - 20 (0.5 + R) = 240 - 20 R 
EhJ 

Now, —^ = —- (tj) being constant) 

Eb\ 

240 - 20R ^ 

240 1000 
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or R = 2.4 Q {Ans.) 

When load torque is reduced to half 
i.e., r 3 = 0.5 7’jOr/^3«i3=0.5 4i«^j 

or 43 = 0.5 4i = 0.5 X 20 = 10 A (since cj) is constant) 

Back emf, E^^ = V-(R + RJ = 250 - 10 (2.4 + 0.5) = 221 V 

N-, Elo 

{(j) being constant) 

or = Afj X ^ = 1000 X = 920.8 rpm (Ans) 

Ehi 240 


Example 5.28 


The field winding resistance and armature resistance of a 240 V DC shunt motor is 120 ohm and 


0.1 ohm respectively. It draws 24 A at rated voltage to run at 1000 rpm. Eind the value of additional 
resistance required in the armature circuit to reduce the speed to 800 rpm when (i) the load torque 
is proportional to speed (ii) the load torque varies as the square of the speed. 


Solution: 

At normal conditions; 4^ = 24 A and = 1000 rpm 

Shunt field current, / ^ = = 2A 

Rsh 120 

Armature current, I, =24- 2 = 22 A 

’ a\ LI sn 

Back emf, E^^ = = 240 - 22 x 0.1 = 237.8 V 

(i) Let R be the additional resistance required to be connected in armature circuit to reduce the 
speed to 800 rpm when the load torque is proportional to speed, i.e., 4 Aj and Tj oc Aj 


or 

or 

Since 



800 

1000 


0.8 4 


42 = 0.8 4j?ij (since T oc ^ 4 ) 

L 2 “ X 22 = 17.6 (since ^3 = = constant) 

E^2 = y- 42 + ^) = 240 - 17.6 (0.1 +R) = 238.24 - 17.6 R 

^h2 _ ^ 

Em N, ’ 


238.24- 17.6/? _ 800 
237.8 “ 1000 


or 238.24 - 17.6R = 190.24 or /? = 2.73 D. (Ans.) 


(ii) Let /?j be the additional resistance required in the armature circuit to reduce the speed to 800 
rpm when the load torque varies as the square of the speed 
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or 


or 


Also, 


7 ; = 71x1 ^ 


^2 


N, 


1 J 




^3 ^3 

= 0-64 4i <l>i 



(since T oc (plj 

43 

= 0.64 X 22 

= 14.08 A 


(since ^3 = = constant) 

^b3 

= ^-4(^1 

+ RJ = 240 - 14.08 (R^ 

H- 0 .1) = 

: 238.592 - 14.08 R^ 

^h3 

N 3 

238.592 - 14.08 R^ 

800 


Em 


237.8 

1000 



238.592 - 14.08 = 190.24 or = 3.434 Q {Ans.) 


5.24 Speed Control of DC Series Motors 

The speed of DC series motors can be controlled by any one of the following methods: 

(i) Armature control method 

(ii) Field control method 

(Hi) Series - parallel control method 

5.24.1 Armature Control Method 

By making various adjustments in the armature circuit of a DC series motor its speed can be controlled. 
According to the adjustments made, these methods are knows as; 

1. Armature series resistance control method 

2. Shunted armature control method 

3. Armature terminal voltage control method. 

1. Armature series resistance control method. In this method, a variable resistance is connected 
in series with the armature or motor as shown in Fig. 5.36(fl). If the load and torque developed 
by the machine is constant, the speed of the motor depends upon back emf i.e., N oc When 
no addition resistance is connected in series with the armature, then = V -(R^ + R^^). 
However, when an additional resistance R is connected in series with the armature, then back 
emf, £^2 -^~^a ^se Obviously £^2 < TSfoi accordingly A 2 < Aj. Hence, by connecting 
an additional resistance is series with the armature we can obtain speeds below normal. 

The speed-torque characteristics of a DC series motor without additional resistance and with 
additional series resistance is shown in Fig. 5.36(b). The maximum range of speed control of 
about 3: 1 will be available depending upon the load. 

This is the most common method employed for the speed control of series motors. The power 
loss in the control resistance for many applications of DC series motors is not too serious, since in 
these applications the control is utilised for a large portion of time for decreasing the speed under 
light loads. 
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The major applications of this method of speed-control are for driving cranes, hoists, trains, 
etc., because such drives operate intermittently. 



O -► Torque 

(a) Circuit diagram (b) N-T curve 


Fig. 5.36 Speed control of DC series motors by armature control method 


2. Shunt armature control method. In this method, 
combination of a rheostat shunting the armature and 
a rheostat in series with armature, as shown in Fig. 
5.37 is used. It provides slow speeds at light loads. This 
is an arrangement which accomplishes the speed control 
both by lowering the voltage applied to the armature 
and by varying the flux. In fact, the voltage applied 
to the armature terminals is varied by varying series 
rheostat R^ whereas the exciting current is varied by 
varying the shunting rheostat R^ keeping the armature 
current constant. 



Fig. 5.37 Circuit diagram for shunted 
armature control method 


In this method, by the insertion of armature diverter R^, armature current reduces, then flux (f) 
must increase because torque developed {T oc by the armature remains the same. This causes 
increase in current drawn from the supply mains which increases the field and decreases the 
speed. 


Thus, by this method, speeds below normal can be obtained. A wide range of speeds below 
normal can be obtained by taking different ratios of R^ and R^- 

The application of this method is restricted to the places where speed control for short internals 
is required because this method is not so economical due to considerable power losses in speed 
controlling resistance. 

3. Armature terminal voltage control method. In this method, a variable voltage power supply 
is used to change the supply voltage which changes the speed of a DC series motor. But the cost 
of such equipment is so high that this method is rarely applied. 


5.24.2 Field Control Method 

The speed of series motors can be controlled by varying the flux produced by the series field winding. 
The variation of flux can be brought about by anyone of the following ways; 
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1. Field diverters: In this method, a variable resistance R is connected in parallel with the series 
field winding as shown in Fig. 5.38. Its effect is that it diverts the path of the current drawn by 
the motor. A part of the current flows through diverter and the current flowing through the 
series field winding is reduced which reduces the flux cj). Consequently, the speed of the motor 
is increased (N oc 1/ ^). Thus by this method, only speeds above normal can be obtained. 

2. Armature diverter: In this method, variable resistance R is connected in parallel with the 
armature is shown in Fig. 5.39. Its effect is that it diverts the path of the line current Some 
of the current flows through the diverter and reduces the armature current For a given 
constant load torque, if is reduced then cj) must increase (T x (p IJ. This results in increase 
in current drawn by the motor and a fall in speed (N x 1/^). By adjusting the value of diverter 
resistance, any speed below normal can be obtained by this method. 



Fig. 5.38 Circuit diagram for field divertor method Fig. 5.39 Circuit diagram for armature diverter 


3. Tapped field control: In this method, the number of turns of 
the series field winding can be changed by short circuiting a 
part of it as shown in Fig. 5.40. We know that flux produced 
by the winding depends upon the ampere-turns (i.e., cj) x 
X No. of turns). As the number of turns are reduced, 
the speed of the motor is increased (N x 1/^). Thus, only 
speeds above normal can be obtained by this method. 


\ Tapped field | 

R, V 


5.24.3 Voltage Control Method 


Fig. 5.40 Circuit diagram for 
In this method, the voltage across the series motors are changed tapped field 

by connecting them in series or in parallel or the combination of 
both. This in widely used in electric traction. 

To explain this method, let us consider only two similar series motors (for simplicity) whose 
shafts are mechanically coupled. Firstly they are connected is series and then in parallel as shown 
in Figs. 5.41(a) and (b), respectively. The current flowing through each motor and the voltage across 
it is shown in Fig. 5.41. 

^ V / 2_ I (R ~\~ R ^ 

When in series: Speed, N, x —^ oc - - — - - — 

01 4 


When in series: 






DC Motors 443 



(a) Two motors connected in series (b) Two motors connected in paraiiei 

Fig. 5.41 Voltage control method 


Neglecting drops, 


When in parallel: 




Speed, N 2 oc —- oc 


V-fiRa+Rse) 2V 


From eq. (r) and {ii), we get. 


NT = X ^ = 4 oriV2 = 4iVi 


...(5.19) 

...(5.20) 

...(5.21) 


Thus, when the motors are connected in series, low speeds are obtained and when they are 
connected in parallel high speeds (nearly 4 times to that of first case) are obtained. Many speeds 
can be obtained by having more number of motors and connecting them in series, in parallel or the 
combination of both. 

Usually, this method is employed in electric locomotives for controlling the speed of trains. In 
this case, combination of series-parallel and resistance control method is employed. The sequence 
of connections are shown in Fig. 5.42: 



Fig. 5.42 Combination of series-parallel and resistance control of DC series motors 
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Example 5.29 

The armature and field resistance of a 230 V DC series motor is 0.15 ohm and 0.1 ohm respectively. 
It runs at a speed of 800 rpm when connected to rated voltage drawing a current of 100 A. What 
will be its speed when it draws 25 A from the supply considering that its flux is only 45 percent at 
this current as compared to 100 A. 


Solution: 


Here N^= 800 rpm; f = 100 A; V = 230 V; = 0.15 Q 

= 0.1 Q; 4 = 25 A; tj)^ = 0.45 (j)^ 


We know, 

A oc ^ 
0 

0 

8 

^ 1 

and 


N 2 Eb2 
or — = — ^ 


" 02 

Ni 02 

Where, 

II 

1 

laJRa+RJ 


= 230 - 100 (0.15 +0.1) = 230 - 25 = 205 V 

Eh2=V- 1,2(R,+ R,,) 


230 - 25 (0.15 + 0.1) = 230 - 6.25 = 223.75 V 


Speed, A, = X X A, 
rh. E, 


hi 


X Ax 800 =1940.4 rp„(A„.) 


Example 5.30 

The field and armature resistance of a 220 V DC series motor is 0.2 ohm and 0.4 ohm. At full-load 
it draws 38 A and runs at a speed of 600 rpm. Assume that brush voltage drop is 3 volt, (i) What 
will be the speed of motor when its intake current is reduced to 19 A (ii) What will be its speed if the 
load is removed and the motor draws only 1 A from the mains. (Hi) Also determine the horse power 
developed by the motor in each case. While determining the values neglect effect of saturation and 
armature reaction. 


Solution: 

Since saturation is neglected, (fix 1^ 

= y - 4i (R^ + RJ = 220 - 38 (0-4 + 0-2) = 197-2 V 

Eb2-= ^-42 (E, + RJ = 220 - 19 (0-4 + 0-2) = 208-6 V 
Now, A, oc and 

^ 01 4l 02 42 

A 2 = ^ X ^ X Ai = X 600 = 1269-37 rpm (Ans.) 

1^2 X 197.2 

Eh3 = y- 43 (Ea + RJ = 220-1 (0-4 + 0-2) = 219-4 V 
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^3 ^b\ 

Internal horse power developed in each case; 


Afg = ^ X ^ X X 600 = 25366 rpm {Ans) 

1 i^u\ J- X Vy!.2, 


HP, 


^b\ ^al _ 

735.5 

Tjp _ ^bl ^a2 

2- 735.5 


197.2x38 

735.5 

208-6x19 

735-5 


= 10-19 (Ans.) 
= 5-39 (Ans.) 


^^2 735.5 


£,3 43.219-4x1 


735 - 5 


= 0-298 (Ans.) 


Example 5.31 

A series motor with unsaturated magnetic circuit and with negligible resistance when running at a 
certain speed, on a given load takes 50 A at 500 V. If the load torque varies as cube of the speed, 
find the resistance necessary to reduce the speed by 20%. 


Solution: 

In series motors, 

Given that, 


Tcc^r,Tcc, /2 
TxN^ 


ll, oc Nl and ll^Nl 


^a 2 


^a 2 ~ 


N 2 

N, 


xl.5 


1 J 


X / 


al 


Now, 


*1 J 
= 0-8 N^ 

Ki = ^ 50 = 35-777 A 


Circuit resistance in first case, = 1012 

Circuit resistance in second case, = -j— = = 13.97512 

Additional resistance required to reduce the speed; 

R = R 2 -Ri = 13-975 - 10 = 3-975 12 (Ans.) 


(■■■ <I>^Q 


Example 5.32 

A 240 V, DC series motor has a resistance of 0.2 ohms, when the line current is 40 A, speed is 1800 
rpm. Find the resistance to be added in series with the motor (i) to make the motor run at 900 rpm 
when line current is 60A (ii) to limit the speed to 3600 rpm when line current is 10 A (Hi) speed of 
motor when it is connected directly to mains and line current is 60 A. Assume flux at 60A is 1.8 
times of flux at 40A. 
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Solution: 

Here, V = 240 V; = 0.2 Q; = 40 A; Aj = 1800 rpm 

Back emf E,, = V-I ,R = 240 - 40 x 0.2 = 232 V 

t>l al m 

For = 40 A; flux = (j)^ 

For 7^2 = 60 A; flux = where ^2 = 1-8 (j)^ 

(i) = 900 rpm; 7^2 = 60 A; then (j)^ = 1.8 (j)^ 

Let R be the resistance added in motor circuit 

= ^ - 42 + R) = 240 - 60 (0.2 + R) 

= 240 - 12 - 60 7? = 228 - 60 R 
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C± 

or 

or 

Example 5.33 

A 400 V series motor has a total resistance of 0-25 ohm, when running at 1200 rpm it draws a 
current 25A. When a regulating resistance of 2-75 ohm is included in the armature circuit, it draws 
a current of 15A. Find the speed and ratio of the two mechanical outputs. Assume that the flux with 
15A is 70% of that with 25A. 

Solution: 

^b2 
^2 

Now, Nj 

N, 

Mechanical power developed in two cases; 

Pj = = 393-75 X 25 = 9843-75 W (Ans.) 

Pi = £^,2 ^2 = 355 X 15 = 5325 W {Ans) 


= y - 4 j {R^ + RJ = 400 - 25 X 0-25 = 393-75 V 
= y - 42 + ^] = 400 - 15 [0-25 + 2-75] = 355 V 

= 0-75 

oc and iV, oc 

01 02 

' ^ -I: ^ 39i^ ' '**^'^* 


02 


^h\ 


228 01 
1.801 232 


X 1800 


= 982.76 rpm (Ans) 


Example 5.34 

The field and armature resistance of a 200 V DC series motor is 0.3 ohm and 0.5 ohm respectively. 
The motor runs at a speed of 700 rpm when drawing a current of 25 A. What value of additional 
series resistance is required to reduce the speed to 350 rpm keeping intake current constant. 

Solution: 

Motor input current, 4 = 25 A 

Back emf, = V-f{R^ + RJ = 200 - 25 (0.5 + 0.3) = 180 V 
Speed, Aj = 700 rpm 

Let R be the resistance connected in series with the motor to reduce the speed to 
Aj = 350 rpm 
Motor input current, 4 = = 25 A 

Backemf, £„ = y-4(P + P +R ) 

= 200 - 25 (P + 0.5 + 0.3) = 180 - 25 R 



Electrical Machines 


448 


Since 

Eh 

Nx , 

0 

EI 2 _ Eb2 ^ ^l_ _ Eb2 

Ejji ®2 Ebi 

or 

350 180- 25/? 

700 180 

or 

R = 3.6 ohm (Ans.) 


(^2 = fisld current remains the name) 


Example 5.35 

The field and armature resistance of a 500 V DC series motor is 0.2 ohm and 0.3 ohm respectively. 
The motor runs at 500 rpm when drawing a current of 49 A. If the load torque varies as the square 
of the speed, determine the value of the external resistance to be added in series with the armature 
for the motor to run at 450 rpm Assume linear magnetisation. 


Solution: 

Here, = 500 rpm; /^j = 40A; V = 600 V; N 2 = 450 rpm 

TocN^;E =0.3Q;E = 0.2 D.-, ch x I 

^ a ^ se ^ T a 


and 


= ^ - 4i + Rs) = 600 - 40 (0.3 + 0.2) = 580 V 

T<x (ji^orT <x 
TxN^ 

ll = 


and 


or 


(L 2 ] 

2 

r^2^ 

l4ij 








X 4i = 


450 


x40 = 36 A 


“2 500 

Let R be the resistance added in series with the armature 


Now 


or 

or 

or 


£^2 = ^ - 42 + ^sc + ^) = 600 - 36 (0.3° + 0.2 + R) = 582 - 36R 

^2 _ ^b2 ^ 01 ^ _ ^b2 ^ 4l 

^1 02 ^bl 42 ^bl 

450 ^ (582 - 36R) 40 
500 36 580 


582 - 36R 


450 X 36 X 580 
500 X 40 


582 - 36R = 469.8 or £ = 3.117 D. (Ans.) 


Example 5.36 

A 240 V DC series motor takes 40 A when giving its rated output at 1200 rpm. The combined value 
of armature and series field resistance is 0.3 Tl. Find what resistance must be added to obtain the 
rated torque (a) at starting (b) at 800 rpm. 
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Solution: 


Rated voltage, V = 240 V 
Rated current, /j = 40 A 
Rated speed, Aj = 1200 rpm 


Back emf, E, 


V-I R =240-40x0.3 = 228 V 

a m 


(i) At start when speed is zero, the back emf £^2 "'ll! be zero and rated torque will be developed 
when current drawn by the motor is of rated value i.e.. 

Current, /2 = 40 A 
Back emf, £,, = V - (R. + R ) 


additional resistance, Rj = 


V - E, 


- 0.3 = 5.7 ohm {Ans) 


(ii) At 800 rpm, the rated torque will be developed only when current drawn by the motor is rated 


Since field current remains the same, back emf will be proportional to speed i.e., 

xA = 228xm,i52v 


required additional resistance, R^ 


V-E 


bE-R = ^^0 152 _Q 3 ^ ^ 


Example 5.37 

A DC series motor, connected to a 440 V supply, runs at 1500 rpm when taking a current of 50 A. 
Calculate the value of resistance which when inserted in series with motor will reduce the speed to 
1000 rpm, the gross torque being then half the previous value. The resistance between the terminals 
of the motor is 0.2 Cl. Assume linear magnetisation. 

Solution: 

Here, V = 440 V; f = 50 A; R^ = 0.2 Q; Aj = 1500 rpms; Aj = 1000 rpm 


Back emf, E, 


V-fR^ = 440 - 50 X 0.2 = 430 V 


Let R be the resistance connected in series to reduce the speed. 
Now Rj = I 7 ; (given) 


h<l>2= 0^01 


(since T oc 


/2 = ^/f (since (j>ccl) 

Back emf, = V-1JR + R ) = 440 - 35.35 (0.2 + R) = 432.93 - 35.35 R 
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We know, ^ = 

Ebi N, 01 

432,93 - 3535R ^ IQOQ 35.35 
430 1500 50 

or R = 6.51 Q. (Ans.) 


02 _ -^2 _ 35.35 


Pi h 


Example 5.38 

A DC series motor has the following rating: 200 V, 20 A and 1200 rpm. Armature and series field 
resistances are 0.1 D. and 0.2 Cl respectively. Magnetic circuit can be assumed to the linear. 

At what speed the motor will run at rated torque if a resistance of 20 Cl is placed in parallel with 
the armature? 


Solution: 

Here, V = 200 V; 1, = 20 A; R = 0.1 Cl; R = 0.2 Cl; N, = 1200 rpm; R„ = 20 Cl 

’ ’1 ’fl ^ se ’1 E' •> o 

Back emf, E^^ = V- IfR^ + RJ 

= 200-20 (0.1 +0.2) = 214 V 

When a resistance of 20 Cl is connected parallel to armature, as shown in Fig. 5.43, let the motor 
input current be 1^ ampere. 

Voltage across armature = V- = 200 - 0.2 1^ 

200-0.27, . 


Diverter current, /„ = 


= 10 - 0.01 7 , 


Armature current, 1 .. = L -1„ = L - (10 - 0.01 L) = 1.01 L - 10 


At rated torque i.e., T, = T. 


R„ = 0.2 Q. 


^2% = (since T oc 
1-1 X ^ 

^2 - ^al ^ 

1.01 72 - 10 = 7i X ^ (series <5 oc 7) 

h 


1.01 72-10 


20x20 

7, 


72 = 25.45 A 


Rp = 20 £2 



Fig. 5.43 Circuit diagram 


Armature current, = l Oi ^ 25.45 - 10 = 15.7 A 

Back emf, £,, = V - 7, 7? -7,7? = 200 - 25.25 x 0.2 - 15.7 x 0.1 = 193.34 V 


Then, A, = A, X ^ X = 1200 X 


193.34 20 

214 25.45 


: 852 rpm (Ans) 
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Example 5.39 

A series motor runs at 800 rpm when taking a current of 60 A at 460 V. The resistance of the armature 
circuit is 0.2 Cl and that of the field winding is 0.1 Cl. Calculate the speed when a 0.15 Cl diverter 
is connected in parallel with the field winding. Assume the torque to remain unaltered and the flux 
to be proportional to the field current. 


Solution: 

At normal conditions, when no diverter is connected 
Armature current, I .= I , = /,,= 60 A 

’ al se\ LI 

E.,=V-I,R -I ,R =460-60x0.2-60x0.1 =442 V 

Dl al a sel se 

When a diverter of 0.15 Cl is connected parallel to series field winding as shown in Fig. 5.44, let the 
speed be N 2 and the line current be 

Armature current, 1^^ = L 2 

Series field current, I , = , - - - = To „ ^ ^ 

^^R^^+Rjj “0.1 + 0.15 5 “ 


Since torque remains the same. 


or 

or 

or 

or 


42®2 = Li®1 


(Since <5 oc / ) 


^a2 ^se2 


4l ^sel 


^L2 ^ 5 L 2 


60 X 60 


'L2 


3600 X 5 


= 77.46 A 


Rdiv = 0.15Q 



Fig. 5.44 Circuit diagram 


^se2 

Back emf £^2 


/ , = |x/,, = I X 77.46 A =46.48 A 
5 5 


V-I .,R -1 : 

a2 a sel se 


: 460 - 77.46 X 0.2 - 46.48 x 0.1 = 440.06 V 


E O 

Speed, Aj = x X 


A, x 


■^bl 


^b2 




x 


^b\ he.. 

617.6 rpm {Ans.) 


el ^ gQQ X "^40 06 ^ 46.48 


442 


60 


5.25 Electric Braking 

When load is removed from an electric motor and supply is disconnected, it continues to run for some 
time due to inertia. This continuous rotation may cause damage to equipment or to the manufactured 
product and even loss of human life. Therefore, quick stopping of a motor is essential in such cases. 
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Thus, the method by which an electric motor or drive is brought to rest quickly when load on it 
is removed and supply is disconnected is called braking. 

Braking may be employed to bring the drive to rest or it may be employed to lower down the 
speed when load is reduced. The device employed for braking has to absorb the kinetic and potential 
energy of the moving parts. 

Objectives of Braking 

While stopping the drive, braking may be used for any one of the following objectives: 

(i) Reducing the time of stopping i.e., reducing the time of continuous running when drive is 
switched - OFF. 

(ii) Stopping the drive exactly at specified point, e.g., in lifts; for safety reasons, the drive has to 
be stopped at a specific point. 

(Hi) For feeding back some of the energy to the supply system. 

Essential Features of Braking 

(i) It should be quick and reliable in action. 

(ii) Braking force should be controllable. 

(Hi) Suitable means must be provided for dissipating the stored energy of the rotating parts. 

(iv) A failure of any part of the breaking system should result in the application of brakes. 

Braking Systems 

Broadly, in electric drives, two systems of braking can be applied: 

1. Mechanical braking: In mechanical braking the stored energy of rotating parts is dissipated 
in the form of heat where frictional torque acts against the rotation. The motor may be stopped 
by using a brake shoe or brake band or brake drum. 

2. Electrical braking: In electrical braking, the kinetic energy of the motor is converted into 
electrical energy and is dissipated as heat in a resistance or returned to the supply system. 

Advantages and Disadvantages of Electrical Braking over Mechanical Braking 

Before dealing with electric braking, let us try to find out the advantages and disadvantages of electric 
braking over mechanical braking. 

Advantages 

(i) Saving; no replacement cost: In case of mechanical braking, due to friction there is excessive 
wear on brake lining which needs frequent and costly replacement. But in electric braking no 
such replacement is required hence saves money. 

(ii) Small maintenance cost. In case of mechanical braking there is more wear and tear which 
increases the maintenance cost. There is no wear and tear in case of electric braking which 
reduces the maintenance cost to very low value. 
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{iii) Energy saving: In regenerative braking, a part of energy is returned to the supply this reduces 
the operating cost. This is only possible in electric braking. 

(iv) Reliability: In case of mechanical braking, the heat produced at brake blocks may result in 
failure of brakes. But in case of electric braking, the heat produced does not affect the braking 
system this improves its reliability. 

(v) Smooth operation: Mechanical braking may produce jerks but electric braking never produces 
jerks. 

(vi) System Capacity: By employing electric braking the capacity of the system can be increased 
by way of higher speeds and handling of heavy loads. 

Disadvantages or Limitations 

(i) It cannot hold the machine or load stationary: In case of electric braking, the driving motor 
starts working as a generator during braking period. But at stand-still the machine (motor) cannot 
work as generator. Therefore, an electric brake can reduce the speed of the machine or load and 
bring it to almost at stand-still condition but it cannot hold it stationary. Hence, electric brake 
alone cannot fulfil the purpose, friction (mechanical) brake is always provided in addition to 
it. 

(ii) Cost: Addition equipment employed for electric braking increases the cost. 

(iii) Choice of motor is limited: In case of electric braking system, the motor has to function as a 
generator and must have suitable braking characteristics. Thus, the choice of motor is limited. 

Electric braking is superior to mechanical braking since it is much quicker and eliminates the 

cost of maintenance of mechanical brakes. However, in order to finally bring the motor to a stand 

still position and hold it there, friction brakes are also essential. 


5.26 Types of Electric Braking 

There are three types of electric braking. 

(0 Plugging 

(ii) Rheostatic braking 

(iii) Regenerative braking. 

5.26.1 Plugging 

This is also called a counter-current braking. It is simplest type of braking and involves the reversing 
of the connections to the armature of the motor so that it tends to run in the reverse direction. In 
order to stop the machine, a special device must be installed to cut off the supply as soon as it comes 
to rest. This method can be applied to DC motors, induction motors and synchronous motors. It is 
particularly suitable where the drive has to be rapidly reversed such as in planning machines, etc. 

(a) Plugging applied to DC Shunt motors: The direction of rotation of DC shunt motor can be 
reversed by reversing the current flowing through the armature. The expression for the armature 

• , y-Eh 

current is / = —-—- . 

a D 
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During normal running, the back emfE^^ is opposite to the applied voltage ‘V’ but at the instant 
of reversal a voltage equal to V + is impressed across armature. This will cause a great 
rush of current (almost double the normal) in the armature circuit. To prevent this the starting 
resistance is reinserted in the circuit as shown in Fig. 5.45. 

(b) Plugging applied to DC series motors: The method is same as in case of DC shunt motor. 
The changeover of connections is shown in Fig. 5.46. 


-►© - 


^mmnnnr 



(a) 



Fig. 5.46 Plugging with series motor 

In both cases, the motor must be disconnected from the supply when it comes to rest otherwise 
it may rotate in the opposite direction. 

5.26.2 Rheostatic Braking 

This is also called a dynamic braking. With this method of braking the motor is disconnected from 
the supply and used as a generator driven by the momentum of the equipment to be braked and 
supplying current to resistance; DC or synchronous motors can be braked in this way. The induction 
motors, however, require a separate source of DC excitation during this type of braking. This type 
of braking is applied to different motors as explained below; 

(a) DC shunt motors: The armature is disconnected from the supply and a resistance is connected 
across it, as shown in Fig. 5.47(h). The motor then works as a separately excited generator and 
the braking torque is applied by the current flowing in the resistance as shown in Fig. 5.47. 
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Fig. 5.47 Rheostatic braking of shunt motors 

The magnitude of the braking effect can be controlled by varying either the resistance in the 
armature circuit or the field current. The braking is not effective if the supply fails during this 
period. 

(b) DC series motors: The motor after being disconnected from the supply mains, works as a self 
excited series generator. Sometimes, in order to build up more field flux the connections of 
armature are reversed as shown in Fig. 5.48(h). 



Fig. 5.48 Rheostatic braking of series motors 


In such cases if the resistance is above a certain critical value equal to the initial slope of the 
current-voltage characteristics, the machine will not be self excited, therefore, resistance should 
be low enough. 

5.26.3 Regenerative Braking 

This type of braking is mostly employed in electric traction. The kinetic energy of the motor is 
converted into electrical energy, which is fed back to the supply lines instead of wasting it in a 
rheostat. This method can be applied to DC motors and induction motors. 

(a) DC shunt motors: If the emf generated by the motor is greater than the supply voltage, power 
will be fed back to the supply. The emf in a shunt motor depends upon the field flux and speed. 
During this type of braking the field is disconnected from the armature and connected to a 
separate supply as shown in Fig. 5.49. The field current is so adjusted that E > V and this is 
returned to the mains. 
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(a) Normal operation (b) Regenerative braking 

Fig. 5.49 Regenerative braking with shunt motors 


Alternatively, if the field excitation does not change but the load causes the speed to increase, the 
induced em/may become more than the supply voltage and power will be fed back to the supply. 
{b) DC series motors: Regenerative braking cannot be applied to DC series motors in an ordinary 
way. For regenerative braking, the motor should work as a generator this is achieved by reversing 
the connections of series field. But even if the field connections are reversed at the exact moment, 
this method would still be not successful, because at the instant of reversal, the emf induced in 
the motor will be small, so the current will flow through the field winding in wrong direction, 
which will reverse the field and cause the motor emf to help the supply voltage. This will result 
in short circuit of supply. Due to these complications, this method is not used for common 
industrial purposes. However, regenerative braking can be applied with series motors used for 
traction purposes but in this case, either the field windings are modified or the machines are 
supplied with separate exciting windings. 



(a) Motoring action (b) Generating action 


Fig. 5.50 Regenerative braking with series motors 

One method of regenerative braking with series motors is French method. If there is a single 
series motor, it is provided with one main series field winding and 2 or 3 auxiliary field windings. 
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During normal running the main and auxiliary field windings are placed in parallel with each 
other as shown in Fig. 5.50(a). During regenerative braking, the auxiliary windings are placed 
in series with each other and combination is connected in parallel across the armature and main 
series field winding as shown in Fig. 5.50(b). In this case the machine works as a differentially 
compound generator and sends back power to supply lines. 

In locomotives there are four to six motors and therefore, no auxiliary windings are required. 
The regenerative braking can be applied in this case as shown in Fig. 5.51. 


+ + 



(a) Motoring action (b) Generating action 

Fig. 5.51 Regenerative braking 


An alternative method of regenerative braking is applied by using an exciter for controlling the 
excitation of the field windings during regeneration. 

Section Practice Problems 

Numerical Pr oblems 

1. A 220 V DC shunt motor takes armature current ot 48 A and runs at 760 rpm. Find the resistance to 

be added in the tieid circuit to increase the speed to 950 rpm at an armature current ot 78 A. Assume 
fiux is proportionai to fieid current. The armature and tieid winding resistance is 0.15 Q and 240 Q 
respectiveiy. (Ans. 66.48Q.) 

2. A 500 V DC shunt motor is running at 700 rpm. Its speed is to be raised to 1000 rpm by weakening the 

fieid but the totai torque remaining unchanged. The armature and fieid resistances are 0.8 Q and 750 
Q respectiveiy and the current at the iower speed is 12 A. Caicuiate the additionai shunt tieid resistance 
required assuming the magnetic circuit to be unsaturated. Negiect aii iosses. (Ans. 330Q.) 

3. The armature resistance ot 250 V DC shunt motor is 0.5 ohm. its armature current is 20 A when running 

at 1200 rpm and deveiops tuii-ioad torque. What resistance must be inserted in series with the armature 
to reduce the speed to 600 rpm at the same torque, and what wiii be the speed if the ioad torque is haived 
with this resistance in the circuit. Assume the fiux to remain constant throughout and negiect brush 
contact drop. (Ans. 6 Q, 925 6 rpm) 
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4. A 230 V DC shunt motor draws a current of 50 A. Resistance of shunt field winding and the armature is 
46 Q and 0.02 Q respectively. When there is a resistance of 0.6 n in series with the armature, the speed 
of motor is 800 rpm. What alternation must be made in the armature circuit to raise the speed to 850 
rpm, the torque remaining the same. 

(Ans. 0.6 Q. resistance connected in series with armature has to be reduced to 0.319 n) 

5. The armature resistance of a 220 V DC shunt motor is 0.5 ohm. Its armature draws a current of 30 A at 

full-load and runs at a speed of 800 rpm. If a resistance of 1.0 Q is placed in the armature circuit, find the 
speed at (a) full-load torque (b) double full-load torque. (Ans. 683 rpm, 507rpm) 

6. The field and armature resistance of a 220 V DC series motor is o.3 and 0.5 ohm respectively. When 

connected to rated voltage, at certain load it draws 25 A and runs at 1000 rpm. If the current remains 
constant, calculate the resistance necessary to reduce the speed to 500 rpm. (Ans. 3.6Q.) 

7. The total resistance of armature circuit of a 600 V DC series motor is 0.5 ohm. It takes 40 A from the 

mains and runs at 1200 rpm. Assuming linear magnetisation and load torque as square of the speed, 
determine the value of the external resistance to be added in series with the armature for the motor to 
run at 1080 rpm. The load torque varies as the square of the speed. Assume linear magnetisation and 
take total resistance of armature circuit as 0.5 Q. (Ans. 3.1167Ei) 

8. A 240 V DC series motor takes 40 A when giving its rated output at 750 rpm. Its resistance is 0.3 Cl. Find 
what resistance must be added to obtain the rated torque (a) at starting (b) at 500 rpm. 

(Ans. 5.7C1, 1.9C1) 

9. A series motor runs at 800 rpm when taking a current of 60 A at 460 V. The resistance of the armature circuit is 

0.2 Cl and that of the field winding is 0.1 Cl. Calculate the speed when a 0.15 Q diverter is connected in 
parallel with the field winding. Assume the torque to remain unaltered and the flux to be proportional to 
the field current. (Ans. 617.6 rpm) 

10. A DC series motor having a resistance of 0.4 Cl and runs at 2000 rpm when connected to 250 V supply 
and drawing a current of 20 A. 

(/) What resistance must be added in orderto limit the speed to 4000 rpm when armature current is 5A? 
Assume flux varies linearly. 

(/;') What resistance must be added to limit the speed to 1000 rpm when armature current is 30 A? Assume 
that the flux at 30 A is 20% more than that at 20A. 

(//;) At what speed the motor will run if it is connected directly to 250 V supply when the load is such that 
the current drawn is 30 A? (Ans. (/) 25.4 Cl, (//') 3.093Cl, (Hi) 1640 rpm) 

Sh ort Answer Type Questi ons 

Q.l. List various methods of controliing speed of DC shunf motors. 

Or 

Name the methods used for speed controi of DC motors. 

Ans. (/') Field control (//) Armature control (Hi) Voltage control method 

Q.2. What are the factors that affect the speed of a DC motor? 

Ans. We know, speed, /Voc 

Hence, the factors influencing the speed of a DC motor are: 
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(/') Applied or terminal voltage (//) Flux per pole ^ (//) Resistance of armature circuit and (/V) armature 
current or load. 

Q.3. In a field rheostat control method what factors do limit the increase of speed of DC shunt motors? 
Ans. In field rheostat control method, the factors which limit the increase of speed of DC shunt motors are; 
(/) demagnetising effect of armature reaction on the field, (//') commutation problems at high speeds, 
[Hi) friction at bearings and (/V) large centrifugal forces developed at high speed. 

Q.4. Which method is adopted to control the speed of a DC shunt motor above its base speed? 

Ans. To obtain speeds above base speed, field control method is adopted. 

Q.5. A DC shunt motor is running at rated speed with a resistance R in series with the armature, will 
the speed of the motor increase or decrease if additional resistance of finite value is connected 

(a) across R and (b) in series with R? 

Ans. (a) When resistance disconnected across d, itseffective value will decrease hence speed will increase 

[b) On the other hand when a resistance dis connected in series with the existing resistance d, its 
effective value will increase, then the speed of motor will decrease. 

Q.6. While controlling the speed of a DC shunt motor what should be done to achieve a constant torque 
drive? 

Ans. We know T oc therefore, while controlling the speed of a DC shunt motor, the product value of field 
and armature current must remain the same. 

Q.7. In the armature circuit of DC motor, an external resistance is introduced. How shall it affect the 
speed of the motor? 

Ans. The speed of motor will decrease. 

Q.8. List different methods of speed control employed for DC series motors. 

Ans. The various methods of speed control of DC series motor are: 

1. Armature control methods. These may be sub-divided as 
(/') Armature series resistance control method 

(/7) Shunted armature control method 
[Hi) Armature terminal voltage control method 

2. Field control Methods. These may be sub-divided as 
(/') Field diverter method. 

(/'/) Armature diverter method 
(///) Tapped field control method 

3. Voltage control Method 

Q.9. Do the series motors run faster in series combination or parallel combination? 

Ans. Series motors will run faster in parallel combination. 

Q.10. Why the power loss in control resistance for many applications of DC series motors is not too 
serious as in case of DC shunt motors? 

Ans. Because in case of DC series motors, the control is utilised for long duration while reducing the speed under 
light load conditions and it is only employed intermittently while carrying full load. 
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Q.11. How plugging of a DC motor is done? 

Ans. In DC motors plugging is obtained by reversing the supply terminals to the armature of the motor. 

Q.12. Why rheostatic braking is economical to plugging? 

Ans. In rheostatic braking, energy required from the supply to brake the motor is eliminated as compared 
to the plugging. 


5.27 Losses in a DC Machine 

A DC machine is used to convert mechanical energy into electrical energy or vice-versa. While doing 
so, the whole of input energy does not appear at the output but a part of it is lost in the form of heat 
in the surroundings. This wasted energy is called losses in the machine. 

These losses affect the efficiency of the machine. A reduction in these losses leads to higher 
efficiency. Thus, the major objective in the design of a DC machine is to reduce these losses. The 
various losses occurring in a DC machine can be sub-divided as: 

1. Copper losses. 

2. Iron losses. 

3. Mechanical losses 

1. Copper losses: The various windings of the DC machine, made of copper, have some resistance. 
When current flows through them, there will be power loss proportional to the square of their 
respective currents. These power losses are called copper losses. 

In general, the various copper losses in a DC machine are: 

(i) Armature copper loss = 

{ii) Shunt field copper loss = 

{Hi) Series field copper loss = R^^ 

(iv) Interpole winding copper loss = if R- = if R- 

(v) Brush contact loss = ifRb = 2/^ 

(vi) Compensating winding copper loss = I^Rc 

The loss due to brush contact is generally included in armature copper loss. 

2. Iron losses: The losses which occur in the iron parts of a DC machine are called iron losses 
or core losses or magnetic losses. These losses consist of the following: 

(i) Hysteresis loss: Whenever a magnetic material is subjected to reversal of magnetic flux, 
this loss occurs. It is due to retentivity (a property) of the magnetic material. It is expressed 
with reasonable accuracy by the following expression: 

Pk = K,VfBff 

where, 

= hysteresis constant in J/m^ i.e., energy loss per unit volume of magnetic material 
during one magnetic reversal, its value depends upon nature of material; 
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V = Volume of magnetic material in m^. 

/ = frequency of magnetic reversal in cycle/second and 
= maximum flux density in the magnetic material in Tesla. 

It occurs in the rotating armature. To minimise this loss, the armature core is made of 
silicon steel which has low hysteresis constant. 

(ii) Eddy current loss: When flux linking with the magnetic material changes (or flux is cut 
by the magnetic material) an emf is induced in it which circulates eddy currents through 
it. These eddy currents produce eddy current loss in the form of heat. It is expressed with 
reasonable accuracy by the expression: 

P, = KVft^ Bl 

where, 

= constant called co-efficient of eddy current, its value depends upon the nature of 
magnetic material; 

t = thickness of lamination in m; V/and B^ are the same as above. 

The major part of this loss occurs in the armature core. To minimise this loss, the armature 
core is laminated into thin sheets (0-3 to 0-5 mm) since this loss is directly proportional to the 
square of thickness of the laminations. 

3. Mechanical losses: As the armature of a DC machine is a rotating part, some power is required 
to overcome: 

ii) Air friction of rotating armature (windage loss). 

iii) Friction at the bearing and friction between brushes and commutator (friction loss). 
These losses are known as mechanical losses. To reduce these losses proper lubrication is done 
at the bearings. 


5.28 Constant and Variable Losses 

The losses in a DC machine may also be sub-divided into two categories, i.e., 

1. Constant losses; 2. Variable losses. 

1. Constant losses: The losses in a DC machine which remain the same at all loads are called 
constant losses. The constant losses in a DC machine are: 

(i) Iron losses; (ii) Mechanical losses; (iii) Shunt field copper losses. 

2. Variable losses: The losses in a DC machine which vary with load are called variable losses. 
The variable losses in a DC machine are: 

(i) Armature copper loss; (ii) Series field copper loss; (iii) Interpole winding copper loss. 


5.29 Stray Losses 

The sum of the iron loss and mechanical loss in a DC machine are known as stray losses i.e.. 
Stray losses = Iron loss -H Mechanical loss. 
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5.30 Power Flow Diagram 


(0 When machine is working as a generation 


Input (w t^) 
mech. power 


Input—stray loss = 
power developed 
in armature 


stray losses Copper 

(iron loss + mech. loss) loss 


Power developed 
- copper loss 
= elect, power 
output 
(VIl) 


Fig. 5.52 Power flow diagram (Generator action) 


The mechanical power (m is supplied to the generator which is converted into electrical power 
iyi^. While conversion, various losses occur in the machine. The power flow diagram for a DC 
generator is shown in Fig. 5.52. 


Input {Vl|_) 
elect, power 


Input - copper loss 
= power developed 
in armature 


^5 -^ 


Power developed 
- stray loss 
= mech. power 
output 


n) 


Copper 

loss 


Stray loss 

(iron loss + mech. loss 


Fig. 5.53 Power flow diagram (Motor action) 


Although losses in a DC machine are the same whether it works as a generator or as a motor but 
the flow of power is opposite. The power flow diagram for a DC motor is shown in Fig. 5.53. 


5.31 Efficiency of a DC Machine 


The ratio of output power to the input power of a DC machine is called its efficiency**. 


Efficiency, 77 = 


Output 

Input 


* The ratio of output to input of a DC motor is called its commercial efficiency, i.e., t] = ■ The ratio of 

mechanical power output to the power developed in the armature is called its mechanical efficiency, i.e., h^ 
mech. power output 


mech. power developed in the armature 
electrical power input is called electrical efficiency of the motor, i.e., h 


The ratio of electrical power developed in the armature to the 

power developed in the armature 


electrical power input 


Also, commercial efficiency, h = h^x h^ 



DC Motors 


463 


(0 When machine is working as a generator 
Power output = VI^ watt 

Power input = Power output + Variable losses + Constant losses 
Since the shunt field current 7^^ is very small as compared to line current, 

We may consider, 7^ = 7^ (neglecting 7^^) 

Variable losses = 7^ 7?^ ; Constant losses = (say) 

, VI, 

Then, power input = V I, + if R + P 77 = -- .. .(5.22) 

VI.+lfR^+P, 


(if) when machine is working as a motor. 

Power input = VI^ 

Power output = Power input - Variable losses - constant losses : 


yk-nK-Pc 


rp- 


yiL-ljRa-Pc 
VI , 


...(5.23) 


5.32 Condition for Maximum Efficiency 


The efficiency of a DC generator is given as: 


output 


output + variable losses + constant loses 


VI, 


1 


VlL+n Ra+Pc 


1 + 


IcRa 


...(5.24) 


V 


VI, 


Now, efficiency will be maximum when the denominator of eq. (5.24) in minimum i.e.. 


1 + 


hRa 


dlt 

V VIJ 


R P 

or 

a e 


V y/2 

i.e., 

Variable losses 


.. . R P 

_ a _ e_ _ Q _ c 

V y/2 V vif 


n Ra = Pc 


...(5.25) 


Hence, the efficiency of a DC machine will be maximum when the line current is such that constant 
loss is equal to the variable loss. 


The line current at which the efficiency of DC machine is maximum. 7^ = 



...(5.26) 


Example 5.40 

A DC generator is connected to a 220 V DC mains. The current delivered by the generator to the 
mains is 100 A. The armature resistance is O-I ohm. The generator is driven at a speed of500 rpm 
Calculate (i) the induced emf (ii) the electromagnetic torque (Hi) the mechanical power input to 



464 


Electrical Machines 


the armature neglecting iron, windage and friction losses, (iv) Electrical power output from the 
armature, (v) armature copper loss. 


Solution: 

(0 The induced emf, 

(ii) Using the relation, 

Electromagnetic torque, 


E =V+1 R 

Q a a 


220 + 0-1 X 100 = 230 V {Ans) 


coT=E I 

g a 

FI FI 

T= 

0 ) 2nN 


230 X 100 X 60 
In X 500 


: 439-27 Nm (Ans) 


(Hi) Neglecting iron, windage and friction losses. 


Input to armature = coT or E^I^ 


2nNT 2n: X 500 X 439 • 27 


60 60 

Electrical power output = V f = 220 x 100 = 22000 W (Ans.) 
Armature copper losses = = (100)^ x OT = 1000 W (Ans.) 


= 23000 W (Ans.) 


Example 5.41 

A shunt generator supplies 195 A at 220 V. Armature resistance is 0.02 ohm, shunt field resistance is 
44 ohm. If the iron and friction losses amount to 1600 watt, find (i) emf generated; (ii) copper losses; 
(Hi) b.h.p. of the engine driving the generator, (iv) commercial, mechanical and electrical efficiency. 


Solution: 

The conventional circuit is shown in Fig. 5.54. 

oi_t _t r _ T _ 220 _ C J 


'sh Il=195A + 


Shunt field current, I , = —— 

’ sh p 

^sh 

Armature current, I = I, + 
(i) Generated or induced emf. 


I =/,+/, = 195 + 5 = 200 A 

a L sn 


E=V+I R 

a a 


j .Ja 

- ' 

[l 

? ( 

5 \P.02QJ 

O 

L 

V=220V ° 

c 

|c 

- , 


= 220 + 200 X 0-02 
= 224 V (Ans) 


Fig. 5.54 Circuit diagram 


Armature copper loss = i^ R^ = (200)^ X 0 • 02 = 800 W 

Shunt field copper loss = Rg^^ = (5)^ X 44 = llOOW 

Total copper losses = 800 + 1100 = 1900 W (Ans) 
Output power =Vf = 220 x 195 = 42900 W 
Input power = 42900 + 1600 + 1900 = 46400 W 
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46400 

{Hi) B.H.P. of the engine driving the generator = ^ = 63’08 H.P. (Ans.) 


(iv) Commercial efficiency, 


Mechanical efficiency, 


Electrical efficiency. 


Alternatively, commercial efficiency. 


final output of machine 
input to machine 


42900 

46400 


X 100 = 92.45% {Ans.) 


Power developed in armature 
Power input 

Electrical Power output 
Power generated in armature 

X 100 = ^ X 100 = 95.76% {Ans.) 

EJ„ 224 X 200 

6 “ 


= X X 100 = 92.45% {True as above) 

Example 5.42 

A10 kW, 250 V DC self excited shunt generator driven at 1000 rpm has armature resistance 0.15 ohm 
and field current 1.64 A. Find rated load, armature induced emf torque developed and efficiency 
when the rotational losses are 540 watt. Assume constant speed operation. 


Solution: 


output power = 10 kW = 10 x 1000 W 


= 0.15 Q; 4 = 1-64 A; P = 250 V; A = 1000 rpm 


Load current, 1, 


10 x1000 

250 


: 40 A {Ans) 


Armature current, f = I^ + = 40 + 1-64 = 41-64 A 


Induced or generated emf, E = V +1 R 


= 250 + 41-64 X 0-15 = 256-246 V {Ans.) 


Power developed in the armature, coT = E I 


r,, A ^ A 'T 256 - 246 X 41 - 64 X 60 / - 2;rA 

Torque developed, T = —— = ---r-—- since co = 

^ ^ CO 2nx 1000 \ 60 


= 101-89 Nm {Ans.) 


Power developed = E^I^ = 256-246 x 41-64 = 10670 W 
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Mechanical losses = 540 W 

Power input = 10670 + 540 = 11210 W 
Power output = 10 kW = 10 x 1000 W 

Efficiency, 77 = X 100 = X 100 = 89-2% (Ans.) 

^ ' input 11210 

Example 5.43 

A 200 V shunt motor has R^ = 0.1 ohm, Rj = 240 ohm and rotational loss = 236 W. On full load the 
line current is 9.8 A with the motor running at 1450 rpm. Determine 

(a) the mechanical power developed 

(b) the power output 

(c) the load torque (d) the full load efficiency 


Solution: 

Here, V = 200 V; R^=0.l Q; = 240 El; (Mech. + Iron loss) = 236 W 

4 = 9.8A;iV= 1450 rpm 


Shunt field current, / ^ ^ = 0.833 A 

Av/! 240 

Armature current, I = / - / = 9.8 - 0.833 = 8.967 A 

’ <3 L sn 

E^ = V- IR^ = 200 - 8.967 x 0.1 = 199.1 V 

(a) Mechanical power developed = x 4 = 199.1 x 8.967 = 1785.33 W 

(b) Power output = Mech. power developed - rotational losses 

= 1785.33 - 236 = 1549.33 W 


(c) Now 

or 

or 

(d) 


2nNT 

60 

Load torque, T 

Load torque, T 
Input to the motor 

Lull-load efficiency, 77 


Power output 

Power output X 60 
2nN 

1549.33 x 60 


2n X1450 


: 10.2 Nm {Ans) 


y 4 = 200x9.8 


1960 W 

Power output ^ _ 1549.3 


Input 


1960 


X 100 = 79.04% {Ans) 


Example 5.44 

A long shunt dynamo running at 1000 rpm supplies 22 kW at a terminal voltage 220 V. The resistance of 
armature, shunt field and series field are 0.05, 110 and 0.06 ohm respectively. The overall efficiency at 
above load is 88%. Find (a) copper losses (b) iron and friction losses. 


Solution: 

The circuit is shown in Pig. 5.55; Here, Power P = 22 kW; V = 220 V; R^ = 0.05 El 
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Output current, 

^sh 

I 

a 

Armature copper loss 
Series field copper loss 
Shunt field copper loss 
Total copper losses 


110 Q; R^^ = 0.06n; ri = S^% 

Ish 



Fig. 5.55 Circuit diagram 

ll = {I02f X 0.06 = 624.24 W 


4 Rsk = (2f X 110 = 440 W 

iIr, + iIr,, + iIr,, = 520.2 + 624.24 + 440 

1584.44 W {Ans) 


. Power output 22x1000 osrnnriw 

Power input = - - — = —r——— = 25000 W 

77 0.88 

Total loss, Pj = Power input - power output = 25000 - 22000 = 3000 W 
Iron and friction losses, copper losses = 3000 - 1584.44 = 1415.56 (Ans.) 


Example 5.45 

A 220 VDC series motor takes 50 A. Armature resistance 0.1 
ohm, series field resistance 0-08 ohm. If the iron and friction 
losses are equal to copper losses at this load, find the B.H.P. 
and efficiency. 

Solution: 

The circuit is shown in Fig. 5.56; 

Armature current, /^ = /^ = 50 A 



Fig. 5.56 Circuit diagram 


Copper losses = (R^ + Rse) = (50)^ x (0-1 + 0-08) = 450 W 


Iron and friction losses = copper losses = 450 W 

Total losses = Iron and friction losses + copper losses 
= 450 + 450 = 900 W 
Input power = V I^ = 220 x 50 = 11000 W 
Output power = Input power - Total losses 
= 11000-900= 10100 W 

g p ^ output power ^ ^ ^ ^ 

Input power 735.5 





Electrical Machines 


468 


Efficiency, 77 = Q^^put power ^ ^ ^ ^ 

^ ' input power 11000 

Example 5.46 

A 200V shunt motor takes lOA when running on no-load. At higher loads the brush drop is 2V and 
at light load it is negligible. The stray load loss at a line current of 100 V is 50% of the no-load 
loss. Calculate the efficiency at a line current of lOOA if armature and field resistance are 0.2 Vf 
and 100 W respectively. 


Solution: 

Here, V = 200 V; 1^^ = 10 A; 2V; = 0 

Stray load loss = 50% of no-load loss; = 0.2 Q; = 100 fl 

Input at no-load = V x /^g = 200 x 10 = 2000 W 


Shunt field Cu loss = 
Stray loss = 

At load, armature current, I = 

Armature copper loss = 

Loss at brushes = 
Total losses = 


V 


200 


Rsh 100 


= 2A 


4^./, = (2)^x 100 = 400 W 
50 


100 


X 2000 = 1000 W 


4-4/,= 100-2 = 98A 
ll = (98)^ X 0.2 = 1920.8 W 


y^^x /^ = 2 X 98 = 196 W 

Stray loss -H Armature Cu loss H- Shunt field Cu loss 

■¥ Brush contact loss 


Input to motor : 
Motor efficiency, 77: 


1000 -H 1920.8 H- 400 h- 196 = 3516.8 W 
y X /, = 200 X 100 = 20000 W 
Input - Losses 


‘L ■ 

output 


input Input 

20000- 3516. 


X 100 


20000 


X 100 = 82.416% {Ans.) 


Example 5.47 

A shunt generator has a full-load current of 195 A at 250 V. The stray losses are 720 W and the shunt 
field coil resistance is 50 Tl. It has a full-load efficiency of 88%. Find the armature resistance. Also 
find the current corresponding to maximum efficiency. 


Solution: 


Generator rated output = Vx I^ = 250 x 195 = 48750 W 


^ Rated power output 

Input power to generator = „ „ , , — . — 

Lull-load efficiency 


48750 

0.88 


= 55398 W 
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Total losses = Power input - power output = 55398 - 48750 = 6648 W 
Shunt field current, / ^ = ^ = ^ = 5A 

Shunt field copper loss = = (5)^ X 50 = 1250 W 

Stray loss = 720 W 

Armature current, I = I. + I , = 195 + 5 = 200 A 

'a L sh 

Armature copper loss, = Total losses - stray loss - shunt field copper loss 

= 6648 - 720 - 1250 = 4678 W 


or Armature resistance, = 0.11695 Q. (Ans.) 

^ ll (200)^ 

Constant losses, = Shunt field loss + Stray loss = 1250 + 720 = 1970 W 

/ 

Armature current at which the efficiency will be maximum (say ), 



Load current at which the efficiency will be maximum (say ), 


h = h- hh = 130 - 4 = 126 A {Ans.) 


Example 5.48 

A 400 V shunt generator has full-load current of200 A. Its armature resistance is 0-06 ohm, field 
resistance is 100 ohm and the stray losses are 2000 watt. Find the h.p. of prime-mover when it is 
delivering full load, and find the load for which the efficiency of the generator is maximum. 

Solution: 

Here, V = 400 V; f = 200 A; R = 0.06 Q; P , = 100 Q 
Stray losses = 2000 W 

Shunt field current, I . = = 4A 


Armature current, I =/,+/,= 200 + 4 = 204 A 

'a L sh 

Armature copper loss = I^R^ = (204)^ X 0.06 = 2497 W 
Shunt field copper loss = I^/^Rsh = (4)^ X 100 = 1600 W 


Total losses = Armature copper loss + shunt field copper loss + stray loss 
= 2497 + 1600 + 2000 = 6097 W 


Output power = VI^ = 400 x 200 = 80000 W 
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Input power = Output power + losses = 80000 + 6097 = 86097 W 

Tj f • Input power 86097 ^ 

Horse power ol prime mover = — ^^ = 117"06 H.P. {Ans.) 

Constant losses, = stray losses + shunt field copper loss 
= 2000 + 1600 = 3600 W 
Condition for maximum efficiency is, 

Variable losses = Constant losses 

Let, /, 'be the load current at which the efficiency is maximum and armature current is I 


/'=.i 


= 245 A 


Load current, I,' = I '-I ,= 245 - 4 = 241 A 

’ L a sn 

Load for which the efficiency is maximum = I^'V = 241 x 400 = 96-4 x 10^ W = 96’4 kW (Ans.) 

Example 5.49 

A 250 V, 20 kW shunt motor running at 1500 rpm has a maximum efficiency of 85% when delivering 
80% of its rated output. The resistance of the shunt field winding is 125 D.. Determine the efficiency 
and speed of the motor when it draws 100 A from the mains. 


Solution: 


Rated output = 20 kW = 20000 W 

Actual output = Operating 77 x rated output = 0.8 x 20000 W 

Maximum efficiency, = 85% 

. j, ,. Output 

Efficiency of machine, 77, = —-- 

Output + losses 

Total losses = -— output _ f —7 -^ ^ actual outpi 

Pimx max J 

= - I'l X 0.8 X 20000 = 2824 W 


Total losses = 


- 1 x actual output 


At maximum efficiency, constant losses (rotational losses + shunt field loss) 

2 

= Variable armature circuit losses, l^R^ 


Total losses 2824 


= 1412 W 


Input to motor, P. = Motor output, P + total losses 


20000 X 0.8 + 2824 = 18824 W 


Input line current, = 


18824 


= 75.3 A 
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or 


Shunt field current, 

Armature, I, 

’ al 

2 

Armature copper loss, 
Armature circuit resistance, R 

Now input of motor, 
Armature current, 1^^ 
Armature copper loss 


V 250 


R 


sh 


125 


= 2A 


4i-^./, = 75.3-2 = 73.3A 


1412 W 
1412 1412 


'al 


73.3^ 


= 0.263 Q. 


100 A 


42-4.= 100-2 = 98 A 

= 98^ X 0.263 = 2,525 W 


Motor input = VI = 250 x 100 = 25000 W 
Motor output = Motor input - constant losses - armature copper losses 
= 25000 - 1412 - 2525 = 21063 W 

Motor efficiency, ri = x 100 = X 100 = 84.25% (Ans.) 

^ ' Input 25000 

Assuming flux remaining the same, the speed of the motor, 


N^= N^x 


-b2 

^b\ 


= Aj X 


- IglK 

y - KiK 


= 1500 X 


250 - 98 X 0.263 
250 - 73.3 X 0.263 


= 1458 rpm {Ans.) 


5.33 Test Performed to Determine Efficiency of DC Machines 

To determine the efficiency of a DC machine namely, three methods can he used direct method, 
indirect method and regenerative method. 

1. Direct Method. In this method, full load is applied to the machine and output is directly 
measured. Although, this method looks to be very simple but it is very difficult and inconvenient 
to apply full load to large size machines. Therefore, this method is restricted only to determine 
the efficiency of small sized machines. Brake test comes under this category. 

2. Indirect Method. In this method, the losses are determined without actually loading the 
machine. The power is required to supply the losses only, therefore, large machines can be 
tested by applying this method. Accordingly, this method is usually employed to determine 
the efficiency of large DC shunt and compound wound machines. The major drawback of this 
method is that the temperature rise of the winding on load and commutating qualities cannot 
be assessed since the machine is operated at light loads. Swinburne’s test falls in this category. 

3. Regenerative Method. In this method, two identical, mechanically coupled machines are used. 
One acts as a motor drawing power from the supply and the other acts as a generator which 
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feeds the generated power back to the supply. Thus motor draws power equal to the total losses 
of the two machines at rated speed and load. Very large machines can be tested by this method. 
Moreover, the machines can be operated (or tested) for long duration and their performance 
regarding commutation, temperature rise, etc., can be studied conveniently. Hopkinson’s test 
falls in this category. 


5.34 Brake Test 

It is a direct method of determining the efficiency of a DC motor. This test is performed only with 
small motors. The brake is applied to a pulley (either air cooled or water cooled) mounted on the 
motor shaft as shown in Fig. 5.57. The load on the motor is increased by tightening the belt mounted 
on the pulley. The electrical connections are made as shown in the circuit diagram. 

Let, spring balance reading on tight side = kg 
Spring balance reading on loose side = W 2 kg 

Motor speed = N rpm (reading taken by tachometer) 

Radius of pulley = r metre 



Fig. 5.57 Circuit arrangement for brake test 


Thickness of belt = t metre 

Motor output = 7 X ^ = (ITi - IT 2 ) (r + ^ 

(since T = effective pull x effective radius) 
= (Vk[ - W 2 ) r X kg m/s (neglect t being small) 

= (Vk[ - W) r X X 9.81 Nm/s or watt ...(5.27) 


If voltmeter reading = V volt 





Armature reading = I ampere 
Motor input = VI watt 


DC Motors 


All, 


.p„. . , , o»,pu, 

.. Eriiciency or motor, 77 = ^—-— = - — - 

input VI 

This method of measuring efficiency has the following drawbacks: 


...(5.28) 

...(5.29) 


(i) We cannot determine the efficiency of large machines because such facilities of loading are 
not available. 

(ii) The output measured by this method is not accurate because belt is not offering a constant load 
(usually belt slips over the pulley) 


A special precaution is to be observed while performing this test on a series motor. If the brakes 
applied fails, the motor may obtain a dangerously high speed; therefore, this test is usually applied 
only on shunt and compound machines. 


Example 5.50 

In a brake test, the DC motor took 38.5 A from a 240 V supply mains. The brake pulley of radius 
35 cm had an effective load of 30 kg and the speed was 720 rpm. Find the bhp (metric) and the 
efficiency at the above load. 

Solution: 

Torque exerted, T = Effective load x radius of brake pulley 

= (Vkj - Wj) r = 30 X 0.35 = 10.5 kg-m or 10.5 x 9.81 Nm 

Output of motor = T X = 10.5 x 9.81 x 2 x 71 x = 1166.A watt 
60 60 

DUD f P Output in watts 7766.4 ^ 

BHP of molo, = - — -= = 10.56 (A„.) 

Input to motor = V x I = 240 x 38.5 = 9240 watt 

Efficiency of motor, 77 = X 100 = ^ 100 = 84.05% (Ans) 

^ ' Input 9240 

Example 5.51 

In a brake test on a DC shunt motor, the load on tight side of the brake band was 32 kg and the 
other side 2 kg. The motor was running at 1200 rpm; its input being 65 A at 400 V DC. The pulley 
diameter is I m. Determine the torque, output of the motor and efficiency of the motor. 

Solution: 

Effective force, E = 32 - 2 = 30 kg 
Pulley radius, r = = 0.5 m 

Torque exerted, T = Fx r=30x 0.5 = 15 kg-m or 15 x 9.81 = 147.15 Nm (Ans.) 
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, * ^ ft -r St 147.15 x2n X 1200 lo^oo w ^ 

Motor output = T X = -—- = 18499 W (Ans.) 

60 60 

Input power to motor =VxI = 400 x 65 = 26000 
Motor efficiency, 77 = x 100 = 71.15% (Ans.) 

Example 5.52 

In a break test on DC motor, the effective load on the brake drum was 23 kgf the effective diameter 
of the drum 45 cm and the speed 960 rpm. The input of the motor was 28A at 230 V. Calculate the 
efficiency of the motor. 

Solution: 

Here, load (W^ - Wj) = 

N = 

Torque developed, T = 

Motor output = 

Motor input = 

Motor efficiency, 77 = 


23 kg f; <7 = 45 cm = 0.45 m; 

960 rpm; 4 = 28 A; T = 230 V 

(Vki - ITj) X ^ = 23 X ^ = 5.175 kg m 
5.175 X 9.81 = 50.77 Nm 
2nNT 2n x 960 x 50.77 


60 


60 


Nm/s or watt = 5106 W 


y X 4 = 230 X 28 = 6440 W 


output ^ ^ ^ ^ 79.28% (Ans.) 


input 


6440 


5.35 Swinburne’s Test 


Swinburne’s test is performed determine the constant losses in a 
DC shunt machine. In this test, the machine is operated as a motor 
on no-load. This no-load test is also known as Swinburne’s test. A 
voltmeter and two ammeters A j and A^ are connected in the circuit 
as shown in Fig. 5.58. The normal rated voltage V is applied to the 
motor terminals. The ammeter Aj and A 2 measure the no-load line 
current 4o und shunt field current respectively. The voltmeter 
measures the applied voltage. As there is no output at no-load, all 
the power supplied to the motor, given by the product of current 
4o und voltage V, is being utilised to meet with losses only. The 
following are the losses at no-load: 



t 


Fig. 5.58 Circuit arrangement 
for Swinburne’s Test 


(i) Iron losses in the core 

(ii) Windage and friction losses at bearing and commutator. 
(Hi) Shunt field copper losses. 

(iv) Armature copper losses at no-load (very smell) 


I <l>^-<-►<!> + 
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Except the armature copper loss all other losses are the constant losses. 

No-load input power to the machine = V watt .. .(5.30) 

No-load armature current, 

The resistance of armature circuit including the inter pole winding, etc., is determined (measured) 
by disconnecting one end of the shunt field circuit. Let its value be R^. 

2 

Then, variable losses = watt 

Constant losses = (V - /^q R^ ) watt .. .(5.31) 


Note: For all practical purposes the copper losses In the armature at no-load may be neglected 
being very small. 

After determining the constant losses, the efficiency of the machine, when it is working as a motor 
or generator can be calculated at any load, as discussed below: 

Let be the line current at which efficiency is to be calculated. 

(i) When the machine is working as a motor. 


Armature current, I = I, -1. 

Variable or armature copper loss at load = R^ 

Total losses = P + ij, R^ 

c a a 

Input power = VI^ 

Output power = input power - total losses 

= w,-(P 


Efficiency, 77 = 


output 

Input 


VIL - [p, + iIr,) 
VIl 


(ii) When the machine is working as a generator; 


...(5.32) 

...(5.33) 

...(5.34) 

...(5.35) 


Armature current, hh • • ■(5-36) 

Variable or armature copper loss at load = R^ 

Total losses = P + ij. R„ 

c a a 

Output power = VI^ 

Input power = output power + total losses 

= VI, + (P^+ ll R,) ...(5.37) 

VIl 

VIl + (P, + ll RJ 


Efficiency, 77 = 


...(5.38) 
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Advantages 

1. Very convenient and economical method since power required is very small. 

2. Stray or constant losses are determined, therefore, efficiency at any desired value of load can 
be determined. 


Disadvantages 

1. Since the test is performed at no-load, the effect of temperature rise and performance of 
commutator cannot be assessed properly. 

2. This test cannot be performed with DC series motors because at no-load series motors obtain 
dangerously high speeds. 

3. The change in iron losses from no-load to full-load are not accounted for, although this change 
is prominent due to armature reaction. 


Example 5.53 

A 250 V shunt motor takes 4A at no-load and resistance of armature is 0.4 Q and that of shunt field 
is 125 Q calculate: (i) output is kW (ii) Efficiency of motor when motor current is 102A. 


Solution: 

Here, / „ = 4 A; = 0.4 Q; , = 125 Q; 


V _ 250 


sh 


R 


= 2AA 


sh 


L. = /, 


LO 


■ 4 /, = 4 


Copper losses at no-load 




'sh 


125 

2 = 2A 

(2)2 X 0.4 = 1.6 



Power input at no-load 
Constant losses 
Armature full load current, I 

Armature Cu loss at full-load 
Total losses at full-loaded 
Input at full-load 
Output 


= y/,„ = 250x4= lOOOW 

^0 Fig. 5.59 Circuit diagram 

= 1000 - 1.6 = 998.4 W 
= /, - / , = 102 - 2 = 100 A 

L(^) sh 

= I 2 = (100)2 X 0.4 = 4000 W 

= 4000 H- 998.4 = 4998.4 W 
= = 250 X 102 = 25500 W 

= Input - losses = 25500 - 4998.4 = 20501.6 W 
= 20.5016 kW {Ans.) 


Efficiency of the motor, ri = x 100 

2 ' input 

= X 100 = 80.4% {Ans) 

Example 5.54 

A 50 kW, 250 V compound motor takes a current of9A while running on no-load at rated voltage and 
speed. The shunt field current is 5A. The resistances of the windings when hot are: 
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Armature 0.1 Q, series field 0.07 D. and interpole 0.03 Ci. The brush drop is 2V. Determine motor 
output and the efficiency when the motor intake is 155 A. 


Solution: 

At No-load; 1^^ = 9A; = 5A 

Input at no-load = l^^xV =9 x 250 = 2250 W 
Armature current, ^sh~^ ~ ^ ~ 

Considering the machine as long-shunt; 

Variable losses = Copper losses in armature circuit and at brushes 
= llo (K + K +Ri) + 4o X brush drop 
= 42 (0.1 H- 0.07 -H 0.03) H- 4 X 2 = 11.2 W 
Constant losses, = Input at no-load - variable losses 
= 2250- 11.2 = 2238.8 W 
At full-load; Line current, 1^^ = 155 A 

Power input = l^^xV= 155 x 250 = 38750 W 
Armature current, = 1^^- = 155 - 5 = 150 A 

Variable losses = {R^ + Rse + ^ 1 ) + Kf X brush drop 

= 1502 (0.1 H- 0.07 H- 0.03) H- 150 X 2 = 4800 W 
Total losses = P(^ + variable losses = 2238.8 + 4800 = 7038.8 W 
Motor output, P = P. - total losses 

= 38750 - 7038.8 = 31711.2 W or 31.7 kW (Ans.) 

Motor efficiency, 77 = ^ x 100 = X 100 = 81.84% (Ans) 

Pin 38750 

Example 5.55 

A 100 kW, 500 V shunt generator was run as a motor on no-load at its rated voltage and speed. The 
total current taken was 9-8 A including a shunt current of 2-7 A. The resistance of the armature 
circuit (including interpoles) at normal working temperature was 0-11 ohm. Calculate the efficiency 
at half full-load. 

l3h = 2.7A Ilo=9-8A 

Solution: 

Terminal voltage, V = 500 V 
Armature resistance, R^ = OTl ohm 
No-load line current, = 9-8 A 
Shunt field current, = 2-7 A 

When machine is operated at no-load as a motor as shown 
in Fig. 5.60. 



Fig. 5.60 Circuit diagram 
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Input at no-load = VI= 500 x 9-8 = 4900 W 
No-load armature current, = 9-8 - 2-7 = 7-1 A 

Variable or armature copper losses at no-load 

= llo K = (7-1)^ X 0-11 = 5-55 W 
Constant losses = 4900 - 5-55 = 4894-45 W 
When the machine is operated at half full-load as a generator. 

Output power = ^ = 20kW = 50 X 10^ W 

Line current, /, = = 100 A 

^ 500 

Armature current at half full-load, I = I + I = 100 2-7 = 102*7 A 

’ a L sh 

Variable or armature copper losses, at half full-load 

= ll R^= (102-7)2 X 0-11 = 1160-2 W 

= constant losses ■¥ variable losses 

= 4894-45 H-1160-2 = 6054-65 W 

= output power ■¥ total losses 

= 50000 H- 6054-65 = 56054-65 W 

^ output power ^ ^ JOGOO ^ 

input power 56054 - 65 

= 89-2% {Ans.) 

Example 5.56 

A 500 V, 25 hp, DC shunt motor takes 2.4 A while running light. The field and armature resistances 
are 650 and 0.57 respectively. Calculate full-load efficiency, assuming a brush drop of2V. 

Solution: 

At No-load; 4^ = 2.4 A; V= 500 V 

Power input, = VI= 500 x 2.4 = 1200 W 

Shunt field current, = 0.77 A 

Armature current, = 4o“ 4/! “ ^.4 - 0.77 = 1.63 A 

Armature copper loss = I^qR^ + I^q x brush drop 

= (1.63)2 X 0.57 -H 1.63 x 2 = 4.77 W 
Constant losses, = P.^g - no-load armature copper loss 
= 1200-4.77= 1195.23 W 


Total losses at half full load 


Input power 


Efficiency, 77 
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At full-load; Power output = 25 x 735.5 

= 18387.5 W 

At full-load, let the armature current be I ampere 

Power input, P.^ = y x (/^ -H / ^) = 500 (4 H- 0.77) 

Armature copper loss = -(- 4 X = 0.51+ 24 

Also power input, P.^ = P^^^ + armature copper loss + constant losses 
or 500 (4 H- 0.77) = 18387.5 -(- 0.57- 1 - 24 - 1 -1195.3 W 

or 0.57/2 _ 19197.8 = 0 

, 498 + J(498)2 - 4 X 0.57 x 19197.8 

" -2^ 057- 

= 833.26 A or 41.05 A 


Since the value of current 833.26 A is impracticable 

Full-load armature current, = 41.05 A 

Motor input = VI^ = 500 x (41.05 H- 0.77) = 20910 W 

. T r-r- • Motor output 

Motor efficiency, 77 = -r-i-^—-— x 100 

Motor input 

= x 100 = 87.94% {Ans) 


5.36 Hopkinson’s Test 

Hopkinson’s test is basically a regenerative test. It is also known as back-to-back test. To perform 
this test, two identical machines are required. These machines are mechanically coupled to each 
other. One of them works as a motor which acts as a prime-mover for the other machine which works 
as a generator. 

The electrical power or energy supplied to the motor is converted into mechanical energy which 
is further converted into electrical energy by the second machine coupled to it, and fed back to the 
motor through supply system. In the process, in fact, the two machines draw electrical power or energy 
to meet with the losses of the two machines. Since the mechanics are identical, the losses in each 
machine are determined by dividing the input into two equal parts. Usually, this test is performed 
on large size machines at full-load for longer duration. 


Circuit Arrangements and Procedure of Performing the Test 

The electrical circuit arrangement is shown in Fig. 5.61. 
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Fig. 5.61 Circuit arrangement for Hopkinson’s test 


Connect machine-I to the supply through its main switch (motor) and starter keeping main switch 
of the other machine-II open. Operate machine-I to its rated speed and adjust the field current of 
second machine such that the voltage developed by this machine (working as a generator) is 1 to 2V 
more than the mains voltage having same polarity as that of bus-bars. The voltage and polarity can 
be checked with the help of a paralleling voltmeter V. Now, connect the second machine (generator) 
to the mains through its main switch. 

It may be noted that a machine with smaller excitation acts as a motor and a machine with larger 
excitation acts as a generator. 

To increase the load, the excitation of machine-I (i.e., motor) is decreased gradually. With the 
decrease in excitation its back emf decreases due to which motor draws more current from the mains. 
This process goes on till the machine draws its full-load current as per the rating. During this process, 
the supply voltage must be maintained at its rated value. 

The value of the resistances involved in the armature circuit such as armature winding resistance 
including brush contact, interpole winding resistance, compensating winding resistance of the two 
machines are measured by passing full-load current through them after the completion of whole 
procedure when these windings attain their final temperature at full-load. 

Let various ammeters Aj, Aj, A^, A^ and Ag connected in the circuit shown in Fig. 5.61 measure 
line current /^, motor current 7^, motor shunt field current 7^^^, generator current 7^ and generator 
shunt field current 7^^^ respectively. 

Where, motor current, 7^ = 7^ H- 7^ (as per Kirchhoff’s current law) .. .(5.39) 

Motor input = VI^ .. .(5.40) 

and generator output = VI^ .. .(5.41) 

where V is bus = bar voltage. 

If 77 ^ and 77 ^ are the efficiencies of motor and generator respectively. 
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motor output = VI ri 

^ m 'm 


...(5.42) 


generator input = —- 

% 

motor output = Generator input 

VI ri = —^ or 1111 = 

m 'm yt ‘m ‘g T 

'le 


...(5.43) 


...(5.44) 


Since armature, field and stray power losses in both of the machines are considered to he equal 


then 11 = 11 

•m ‘g 


71 = 71 = 

•m ‘g 



- Ir 


...(5.45) 


This assumption is true for large machines since there is very slight difference in their armature 
and excitation current, but in case of small machines, the difference between the armature currents 
and shunt field currents is large. To obtain accurate results, armature and shunt field losses are 
determined separately and stray losses are assumed to be equal in both the machines. 


Current supplied hy the mains, I[^ = I^- Ig 
Current drawn by motor = I 
Motor shunt field current = I. 

snm 

Motor armature current, I = (I -1, ) 

’ am ' m snm' 

Current supplied hy generator = I 


Generator shunt field current = I, 


Generator armature current, I 


'• g shg' 


...(5.46) 


...(5.47) 


...(5.48) 


Terminal voltage = V 

Total losses of both machines = Power supplied by the mains = V7^ 

Armature copper loss in motor = (I -1, )^R .. .(5.49) 

Armature copper loss in generator = (/^ + 1^^^ R^g ■ ■ .(5.50) 

Shunt field copper loss in motor = VI 
Shunt field copper loss in generator = VI^^^g 

Total copper losses = (I - 1 , R +(I +1 ,)^ R +VI , +VI , 

Stray losses of both the machines, = VI, - [I -I, ^R + {I + I R +y(I. h-KJ 

•' ’ A G L w shm^ am '' q shQ' ae ^ snm sneH 


m shm^ am ^ g shg' ag 


shm shgV 

...(5.51) 


Stray loss of each machine = 

For efficiency of motor (machine-I) 

Motor input= VI 


...(5.52) 


...(5.53) 
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Total losses in the motor = Armature loss + field loss + stray loss 

= (^m “ hhmf Km + '^hhm + ^ ...(5.54) 

Motor output = VI^ - (I^ - + VI ,^ .. .(5.55) 

Motor efficiency = X 100 ...(5.56) 

For efficiency of generator (machine-II) 

Generator output =VI^ .. .(5.57) 

Total losses in the generator = Armature loss + field loss + stray loss 

P 

Generator input = VI^ + (/^ + I,hgf Rag + Vlshg + ^ ...(5.59) 

Generator efficiency, 77 ^ = x 100 .. .(5.60) 

Thus, the efficiency of motor and generator can be determined from the data available from the test. 

Advantages 

(i) It is economical since small power is required. 

(ii) The performance of the machines regarding commutation and temperature rise, etc., can be 
conveniently studied as the machines are tested at full-load, that too for long duration. 

(Hi) Accurate results are obtained since the efficiency is determined under load conditions and the 
stray load loss are being taken into account. 


Disadvantage 

The main disadvantage of this test is that there is necessity of two identical machines which are 
rarely available. 


Example 5.57 

The results of Hopkinson’s test on two similar DC machines are as follows: 

Line voltage 250 V, Motor armature current 23A, Generator armature current 20A, Generator 


field current 0.4 A. Motor armature current 0.3 A. Armature resistance of each machine 0.5 LI. 
Calculate the efficiency of each machine. 


Solution: 


Supply voltage, V = 250 V 
Generator armature current, I = 20 A 

og 

Generator shunt field current, = 0.4 A 
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3.7A 19.6 A 



Generator output current, 
Motor armature current, I 

’ am 

Motor shunt field current, I, 

shg 

Motor input current, 
Input line current, 

Input power to set 
Motor armature copper loss 
Generator armature copper loss 
Motor shunt field copper loss 
Generator shunt field copper loss 
Total copper loss 
Total stray power loss, 

Stray power loss per machine 

Input to motor 
Total losses in motor 


Motor efficiency, 77 ^ 


Generator output 
Total losses in generator 


4 g-4.,= 20-0.4=19.6A 
23 A 
0.3 A 
23.3 A 

Motor input current - generator output current 

23.3 - 19.6 = 3.7 A 

y4= 250 X 3.7 = 925 W 

{I fR = (23)2 X 0.5 = 264.5 W 

(y^«, = (20)"x0.5 = 200W 

W,,„ = 250x0.3 = 75W 

VI , = 250 X 0.4 = 100 W 

shg 

264.5 + 200 + 75 + 100 = 639.5 W 
Input to machines - total copper loss 
925 - 639.5 = 285.5 W 

^ = 142.75 W 

VI^ = 250 X 23.3 = 5825 W 

Armature loss + field loss + stray power loss 

264.5 + 75 + 142.75 = 482.25 W 

Input - Total losses ^ ^ 5825 - 482.25 , 

Input 5825 

91.72% {Ans.) 

VI^ = 250 X 19.6 = 4900 W 

Armature loss + field loss + stray power loss 

200 + 100 + 142.75 = 442.75 W 
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Generator efficiency, 77 ^ 


Output 

Output + Total losses 


X 100 


4900 

4900 + 442.75 


X 100=91.72% {Ans) 


Example 5.58 

The Hopkinson test on two shunt machines gave the following results for full load: 

Line voltage, 250 V; line current excluding field currents, 50 A; motor armature current 380 
A; field currents, 5A and 4.2 A. Calculate the efficiency of each machine. Armature resistance of 
each machine is 0.02 ohm. 

Solution. 

Here, V = 250 V; / = 380 A; L = 50A-R = 0.2 Q 

In Hopkinson’s test, the machine working as a generator must have field current more than the 
machine working as a motor. 


+ 50A 57.5 A 



Therefore, 1 1 , = 5A; I, = 4.2 A 

’ sng ’ snm 

Current drawn hy the motor, I = I +1, 

•' ’ m am snm 

= 380 + 4.2 = 384.2 A 

Current delivered by the generator, 

/ =/ -I, 

g m L 

= 384.2 - 50 = 334.2 A 


I -I u 

ag g shg 

= 334.2 - 5 = 329.2 A 

Armature copper loss in motor = = (380)^ x 0.02 = 2888 W 

Armature copper loss in generator = = (329.2)^ x 0.02 = 2168 W 

Field copper loss in motor = = 250 x 5 = 1250 W 



DC Motors 


Field copper loss in generator 
Power supplied to the set 
Total stray losses 


Stray losses for each machine, 

Motor input 
Motor output 


Efficiency, 77 ^ 

Generator output 
Generator input 


Generator efficiency, 77 ^ 
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VI , = 250 X 4.2 = 1050 W 

shg 

VI^ = 250 X 50 = 12500 W 

Power input to set - copper losses in both the machines 
12500 - (2888 + 2168 + 1250 + 1050) 

12500 - 7357 = 5144 W 

= 2572 W 

VI^ = 250 X 384.2 = 96050 W 

motor input - copper losses - stray losses 

96050 - (2888 + 1250) - 2572 = 89340 W 

^ ^ 100 = 93.01% (Ans.) 

input 96050 

VI^ = 250 X 334.2 = 83550 W 

generator output + copper loss + stray loss 

83550 + (2169 + 1050) + 2572 = 89341 W 

X 100 = X 100 = 93.52% (Ans.) 


input 


89341 


Example 5.59 

The following test results were obtained while Hopkinson’s test was performed on two similar DC 
shunt machines: 

Supply voltage = 250V, Field current of motor = 2A, Field current of generator = 2.5 A, Armature 
current of generator = 60A, Current taken by the two armatures from supply = 15A, Resistance of 
each armature circuit = 0.2 ohm. 

Calculate the efficiency of the motor and generator under these conditions of load. 

Solution. 


+ 15A 57.5 A 



Fig. 5.64 Circuit diagram 
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Here, V 
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= 250 V; / = 2A; / = 2.5 A; = 60 A 


shg ■ 


Generator current, I 

’ g 

Motor current, / 

Motor armature current, I 

’ am 

Motor armature copper loss ^ 

Motor shunt field Cu loss ^ 
Generator armature Cu loss : 
Generator shunt field Cu loss ^ 
Copper losses of motor : 
Copper losses of generator ^ 
Total copper losses : 
Input to the set of two machines ^ 

Total stray losses ^ 

Stray losses of each machine : 
Total losses of motor ^ 

Motor input: 
Motor efficiency, 77 : 

Generator output: 
Generator efficiency, 77 ^ 


= \ 5 A-,R =R =0.2Q 

= 4., = 60-2.5 = 57.5 A 

= 4+4 

= 57.5 + 15 : 

= I -1, 

m shm 

= 72.5 - 2 = 


: 72.5 A 


70.5 A 


72 D 
^ am^am 

(70.5)2 X 0.2 = 994.05 W 
I,,^V=2x250 = 500W 
llgRag = (60)" X 0.2 = 720 W 
/, 7=2.5 x250 = 625 W 

shg. 

994.05 + 500 = 1494.05 W 
720 + 625 = 1345 W 

1494.05 + 1345 s 2839.05 W (say 2839 W) 

74 = 250 X 15 

3750 W 

3750 - 2839 

911 W 

= 455.5 w 

Cu loss + stray loss 
1494.05 + 455.5 = 1949.55 W 
I X 7= 72.5 X 250= 18125 W 

m 

motor input - losses 


motor input 

18125 - 1949.55 
1812.5 

/ X 7 = 60 x 250 

g 

generator output 
output + losses 

15000 


15000 + 1345 + 455.5 
89.28% (Ans.) 


x 100 

x 100 = 89.24% (Ans.) 
= 15000W 

x 100 

x 100 
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5.37 Testing of DC Series Machines 

{Field test) 

Small DC series machines can be tested by brake test but large DC series machines cannot be tested 
by brake test because neither it is convenient nor possible to develop a mechanism to apply load on 
such large machines directly. 

Moreover, DC series machines cannot be tested by Swinburne’s test, because at no-load these 
machines obtain dangerously high speeds. In view of this*,/ieW test is considered to be most suitable 
for determining efficiency of these machines. 

Field Test 

To determine efficiency of large DC series machines usually field test is employed. To perform this 
test, two** identical DC series machines are coupled mechanically, as shown in Fig. 5.65, and their 
fields are connected in series so that the iron losses of both the machines be made equal. One of the 
machine-I to which supply is given, operates as a motor and drives the other machine-II. This other 
machine operates as a separately excited generator. A variable load is connected directly across 
its terminals without any switch. 



Fig. 5.65 Circuit arrangement for fieid test of DC series motors 


Performance 

The machine-I (motor) is switched-DA to the supply in a usual manner and the output of the other 
machine-II, working as a generator, is dissipated in the variable load resistor R^. The voltage across 
the motor terminals V 2 is kept equal to its rated value. It is obvious that the supply voltage will 
be more than 14, i.e., V, =V^ +1 R . The load resistor R, is varied till the ammeter A,, shows full- 

‘Field test looks to be similar to regenerative test but it is not so because in this case the output of the generator is not 
feedback to the motor rather it is dissipated in a load resistor. This will be confirmed after going through the test. 

“It is not difficuitto have two identical DC series machines because in electric traction DC series motors are used in pairs. 
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load motor current. The hot resistances of various windings are measured by voltmeter-ammeter 
(or other suitable) method after performing the test. Note down the readings of various measuring 
instruments as mentioned below: 

Precautions 

Every effort is to be made to get accurate measurements since the accuracy of the test depends upon 
the accuracy of these measurements. 

Let, Supply voltage = Reading of voltmeter Lj = volt 

Motor input current = Reading of ammeter A j = 

Terminal voltage of generator = Reading of voltmeter 
Load current or generator current = Reading of ammeter A.. = I 


Armature resistance of each machine = R 

a 

Series field resistance of each machine = R 

se 

Input to the whole set = .. .(5.61) 

Output = ...(5.62) 

Total losses of the set, P.^= V,1 - VJ .. .(5.63) 

Series field and armature copper losses of motor = I^iR^ + Rse) ■ ■ -(5.64) 

2 2 

Series field and armature copper losses of generator = I^R^g + I^R^ .. .(5.65) 

Total copper losses of the set, {R^ + 2R^^) + I^R^ .. .(5.66) 

Stray power losses for the set = Pj- P^^^ 

Pt - P 

Stray power losses per machine, P^ = ——^—— ■ ■ .(5.67) 

Motor efficiency Motor input = ■ ■ .(5.68) 

Motor losses = {R^ + R^J + P^ .. .(5.69) 

Motor output = - lliK + Ke) - Ps • • •(5-70) 

Motor efficiency, 77 ^ = ~ + ^se) - Ps ^5 

Generator efficiency Generator output = .. .(5.72) 

Generator losses = + iJ^Rse + Ps ...(5.73) 

Generator input = + I^R^ + + P^ .. .(5.74) 


y^l.+llRa+llRse+Ps 


Generator efficiency, 77 = 


...(5.75) 
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Disadvantages of Field Test Method 

1. Even for a small error in the measurement of the input to motor or output of generator may 
cause a relatively large error in computed the efficiency. 

2. Whole of the power supplied to the set is wasted. 


Example 5.60 

The following test data is obtained after performing a field test on two identical, mechanically 
coupled DC series motors (with their field windings connected in series): 

Motor: Armature current-50 A, Armature voltage-500 V; Field winding voltage drop 35 V 
Generator: Armature current-38 A; Armature voltage-400 V; Field winding voltage drop-32 V; 
Resistance of each armature is 0.2 Cl. 

Calculate the efficiency of each machine at this load. 


Solution. 


Voltage across motor armature = 500 V 

Voltage across motor, Vj = 500 + 35 = 535 V 

Supply voltage, Ej = V ’2 + voltage drop across generator field winding 
= 535 + 32 = 567 V 

Terminal voltage of generator, = 400 V 
Generator armature current, I = 38 A 
Motor armature current, I = 50 A 

Total power input = = 567 x 50 = 28350 W 

Generator output = = 400 x 38 = 15200 W 

Total copper losses = /^ X 0.2 + K 0.2 + 1^ (35 + 32) watt 

= (50)2 X Q 2 + (38)2 X 0.2 + 50 X 67 = 4149.8 W 
Stray losses of the set = total power input - power output - total copper losses 
= 28350 - 15200 - 4149.8 = 9000.2 W s 9000 W 

Stray losses per machine, = 4500 W 

Motor Efficiency 

Input power to motor = 1^2^^ 535 x 50 = 26750 W 

Total losses in motor = 50^ x 0.2 + 50 x 35 + 4500 W = 6750 W 

Motor output = Input - total losses = 26750 - 6750 = 20000 W 

Motor efficiency, 77 = Motor output ^ ^ ^ ^ 74.77% (Ans.) 

2’ Motor input 26750 

Generator Efficiency 


Generator output = ¥ 2 !^ = 400 x 38 = 15200 W 
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Total losses in generator = (38)^ x 0.2 + 50 x 32 + 4500 = 6388.8 W 

Generator input = Output + total losses = 15200 + 6388.8 = 21588.8 W 


Generator efficiency, 77 = 


Generator output 
Generator input 

15200 


X 100 = 70.4% (A«i.) 


21588.8 ' 

Example 5.61 

The field windings of the two similar tramway motors are connected in series and the motors are 
coupled to perform a test. The following test results were obtained while one machine acts as a 
motor and the other acts as a generator. 

Motor: Armature Current: 56A, Armature Voltage: 590 V, 

Voltage drop a cross field winding: 40V 

Generator: Armature Current: 44A, Armature Voltage: 400V, Field Voltage drop: 40V, Resistance 
of each armature: 0.3 ohm. 

Calculate the efficiency of motor and generator. 


Solution: 


lag= 44 A 



Fig. 5.66 Circuit diagram 


Here, I = 56 A; T = 590 V; V = 40 V 

I = 44 A; y = 400 V; y = 40 V 

ag ’ ag ’ se 

R =R =0.3 0. 

am ag 

Input to the whole set = Vf^^ = (40 + 590 + 40) x 56 = 37520 W 
Output of the set = y I = 400 x 44 = 17600 W 

e ag ag 

Total losses of the set = Input - Output = 37520 - 17600 = 19920 W 
Series field and armature Cu loss of motor 

= y X / +7^ R 

sem am am am 


40 X 56 + (56)2 X 0.3 = 3180.8 W 
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Series field and armature Cu loss of generator 


Total Cu losses of the set 
Stray losses of the set 

Stray losses of each machine 

For motor efficiency 

Motor input 
Motor losses 

Motor efficiency, 77 ^ 


For generator efficiency: 

Generator output 
Generator losses 

Generator efficiency, 


5.38 Inspection/maintenance of DC Machines 

The basic purpose of inspection/maintenance is to ensure uninterrupted and efficient service from 
the machine. The frequency of routine inspection/maintenance depends upon conditions under which 
a machine is operating. The normal routine inspection/maintenance tasks are discussed below: 

1. Mechanical maintenance 

(i) Bearings: Check sound and excessive play if any. Check for proper lubrication-avoid 
excessive lubrication. 

{ii) General: Check all the fixing fixtures - tight them it required. 

Check that all the cover-plates and enclosures are clean and correctly in place - if not fix them. 

2. Electrical maintenance 

Always keep the insulation dry and in good condition for better reliability. 

(i) Commutator: Trouble may be caused due to dirt deposits deposit, of carbon dust in the 
grooves between segments, rough surface or eccentricity. Check for these and clean the 
commutator surface with a dry soft fluff free cloth if required. 

(ii) Brushes: Trouble may be caused due to less spring tension, wrong brush positioning, 
insufficient contact surface or too short a brush. Check for there and do the adjustments 
or changes as per the need. 


V X 7 + 

seg am ag ag 

40 X 56 H- (44)2 X Q 3 ^ 2820.8 W 
3180.8 -H 2820.8 = 6001.6 W 
19920-6001.6= 13918.4 W 

= 6959.2 W 


J X 4„ = (590 + 40) X 56 = 35280 W 
3180.8 H- 6959.2 = 10140 W 
motor input - losses 


motor input 

35280 - 10140 
35280 


X 100 


X 100 = 71.26% {Ans) 


V I = 400 X 44 = 17600 W 

ag ag 

2820.8 H- 6959.2 = 9780 W 
Generator output 


Generator output + losses 
17600 


X 100 


17600 -t 9780 


X 100 = 64.28% {Ans) 
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{Hi) Winding: Trouble may be caused due to deterioration of insulation. Check the insulation 
resistance of armature winding and field winding periodically - if faculty, it should he 
repaired. 

(iv) Insulation resistance: The insulation resistance of the whole machine be checked 
periodically which should not be less than 1 M Q. If its value is found to be less than this 
then the machine should be cleaned and dried. 

(v) Earthing: Outer frame of the motor must be properly earth, the earth resistance should be 
checked, if found more pour water in earthing pit. 

(vi) Starter: Check the functioning of the starter, its relay must he sensitive enough to protect 
the machine. 


5.39 Faults in DC Machines 

In DC machines faults may occur in field windings or in armature winding. 

1. Faults infield winding: The faults in field winding may be 

(a) Open circuit fault: Check the winding for open circuit, if found faulty, check the opening 
at the terminals if so tight-up the terminals otherwise replace the field winding. 

(b) Earth fault: Check for the earth fault, if found remove it or replace the coil. 

(c) Short circuit fault: Check for the voltage drop in each turn and locate the fault and replace 
the turn or repair the field winding. 

2. Faults in armature winding: In armature winding, following faults may develop: 

(i) Short-circuit in coils: The turns placed in the same slot of the armature may get short 
circuited due to insulation failure between the turns. Heavy local current flows and heat 
is produced. This may lead to open circuit. The heavy current is purely local and it does 
not over-load the brushes. 

{ii) Open-circuit in coils: Due to open circuiting of armature coil, half of the armature which 
carries sound coils carries double the normal current and the other portion carries no 
current. This produces heavy sparking at the brushes which may damage it. Therefore 
machine has to be stopped and repaired immediately. 

(Hi) Earthed coil: When a coil in the armature comes in direct contact with armature stampings 
due to insulation rupturing, the fault is called earth fault. If this fault occurs at one place, 
the effect is not that serious hut if this fault occurs at two places, the two coils are being 
short circuited causing a serious short circuit fault which produces heavy sparking due to 
unbalancing of armature currents. 


5.40 Trouble Shooting in a DC Motor 

For trouble shooting of a DC motor, the following steps are taken: 

1. Check the fuses. 

2. Check the electrical connections at the terminals 

3. Check the wear and tear of the brushes. 
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4. Check the continuity of field winding. 

5. Check the armature winding. 

Section Practice Problems 

Numerical Problems 

1. The field and armature resistance of a 250 V DC shunt generator is 50 ohm and 0.02 ohm respectively. 
It delivers 195 A at rated voltage. The iron and friction losses equal 1050W. Find (a) emf generated [b) 
copper losses (c) output of the prime-mover [d) commercial, mechanical and electrical efficiencies. 

(Ans. 254 V; 2050 W; 51.85 kW; 94.11%, 97.975%, 95.96%) 

2. A four-pole DC shunt motor draws a current of 36 A when connected to 230 V mains and delivering 10 hp. 

If armature and field circuit resistances are 0.1 Q. and 300 n respectively, find the motor current when 
load is 5 hp. Neglect armature reaction effect. (Ans. 19627 A) 

3. A 6-pole, 250 V series motor is wave-connected. There are 240 slots and each slot has four conductors. 
The flux per pole in 1.75 x 10 “^ Wb when the motor is taking 80 A. The field resistance is 0.05 Cl, the 
armature resistance is 0.1 n and the iron and frictional loss is 0.1 kW. Calculate (a) speed (b) bhp (c) 
shaft torque (d) the pull in newton at the rim of the pulley of diameter 30 cm. 

(Ans. 283.3 rpm; 25.75; 638.34 Nm; 4255.6 N) 

4. In a brake test, a DC shunt motor draws 40 A from a 231 V supply mains. The brake pulley of radius 30 

cm had an effective load of 35 kg and the speed was 720 rpm. Find the bhp (metric) and the efficiency at 
the above load. (Ans. 10.56; 84.05%) 

5. The field resistance and armature resistance of a 400 V DC shunt motor is 200 ohm and 0.5 ohm 
respectively. It draws 5 A at no-load. What will be its output and efficiency when it draws 50 A from the 
mains. Also find the percentage change in speed from no-load to full-load. (Ans. 16.852 kW; 84.26%,; 
5.65%) 

6 . A DC machine is rated at 5 kW, 250 V, 2000 rpm. Its armature resistance is 1 Cl. Driven from the 
electrical end at 2000 rpm the no-load power input to the armature is ^ = 1-2 A at 250 V with the field 
winding {Rf= 250 Cl) excited by /,= 1A. Estimate the efficiency of the machine as a 5 kW generator. 

(Ans. 83.48%) 

7. The following test results we obtained when Hopkinson test was performed on two identical DC shunt 
machines at full load: 

Line voltage 250 V, line current excluding field currents 50 A; 

Motor armature current 380 A; Field currents 5 A and 4.2 A. 

Calculate the efficiency of each machine. The armature resistance of each machine = 0.02 ohm. 

(Ans. 77^ = 92.03%; 77g = 91.9%) 

Short Answer Type Questions 

Q.l. What do you mean by “energy loss” in a machine? 

Ans. Whole of the input energy supplied to the electrical machine is not converted into useful output energy 
but a part of it is lost in the form of heat while doing useful work. The energy converted into heat is 
called the energy loss. 
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Q.2. What are the different losses which occur in a DC machine. 

Ans. The following losses occur in a DC machine: 

1. Copper losses: These may be 
(/) Armature copper loss 

(/'/) Series field copper loss (4^56) 

{ill) Interpole winding copper loss (/g/?,) 

(/V) Compensating winding copper loss {llRc) 

(i/) Brush contact loss (l^Vj,) 

{vi) Shunt field copper loss (4 ^sh) 

2. Iron-loss: (/) Hysteresis loss {Kj, VfBlf) (//) Eddy current loss {K^ V . 

3. Mechanical loss: (/') Friction loss (//) Windage loss 

Q.3. How do the various losses occurring in a DC machine vary with the load? 

Ans. The copper losses occurring in armature windings i.e., series field winding, compensating winding and 
interpole winding, vary as the sguare of the load current whereas copper losses occurring in DC shunt 
field winding is constant. Iron and mechanical losses are independent of load and remain constant. 

Q.4. What are the components of iron loss in DC machine and in which part of the machine it occurs? 

Ans. The components of iron loss are hysteresis and eddy-current losses obviously these losses occur in 
the iron parts of the machine such as armature core, pole shoe, etc. 

Q.5. How does eddy current losses change if the thickness of laminations is increased ? 

Ans. Eddy current loss will increase as the square of the thickness of magnetic material laminations. 

Q.6. What type of tests are performed to determine efficiency of DC motors? 

Ans. Basically, direct, indirect and regenerative tests are performed to determine the efficiency of DC machines. 

Q.7. Can a Swinburne’s test he applied to a DC series motor? Justify. 

Ans. No, Swinburne’s test is performed at no-load and at no-load series motors obtain dangerously high 
speed and gets damaged. Therefore, Swinburne’s test cannot be applied for determining efficiency of 
DC series motors. 

Q.8. What is the main drawback of brake test? 

Ans. The output of the motor cannot be measured accurately. 

Q.9. Why constant losses can be considered equal to input to a machine at no-load? 

Ans. Because at no-load variable losses (armature copper losses and losses in series field winding, interpole 
winding and compensating winding, if any) are negligible owing to very small armature current. 

Q.10. State the advantages of Swinburne’s test. 

Ans. Advantages of Swinburne’s test are: 

1. Very convenient and economical method since power required is very small. 

2. Stray or constant losses are determined, therefore, efficiency at any desired value of load can be 
determined. 
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Q.11. Why Hopkinson’s test is also called the regenerative or hack-to-hack test? 

Ans. The motor supplies mechanical power which is used to drive the generator while generator develops 
electrical power which is sent back to the system and is utilised in driving the DC motor in addition to 
electrical power drawn from the supply mains. 

Q.12. What are the possible causes of sparking at brushes? 

Ans. Sparking at brushes may occur due to 
(/) trouble in brushes, 

(//■) commutation difficulties 
(//7) excessive load current. 


Review Questions 

1. Explain the principle of operation of a DC motor. 

2. Explain with suitable diagram the working of a DC motor. 

3. Explain the function of commutator in a DC motor. 

4. What is back emf? Give its significance. 

5. On what factors does the torque developed by a DC motor depends? 

6. What is back emf? Is the back emf greater or lesser than the applied voltage? Why? By what amount do 
the two voltages differ. Write voltage equation of a motor. 

7. A DC shunt motor operating from a constant voltage supply is running steadily on no-load. Explain how 
the motor will adjust itself on application of load. 

8. Derive an expression for the speed of a DC motor in terms of back emf and flux per pole. 

9. Explain back emf in a DC motor. Explain the effect of field current on the space of a DC motor. 

10. How may the direction of rotation of a DC shunt motor be reversed? What is the effect of reversing the 
line terminals? 

11. Derive the torque equation of a DC machine. 

12. Define an expression for the torque developed by a DC motor in terms of Z, P, A, where the symbols 
have their usual meaning. 

13. Differentiate between the motoring and generating action of a DC machine. 

14. Mention the various types of DC motors and their uses. 

15. Show that a shunt motor is almost constant speed motor. Draw its speed-armature current characteristics. 

16. Sketch the speed-torque curve of a DC series motor and discuss its nature. What are the applications for 
DC series motors? 

17. A DC series motor should not be started without load why? 

18. Show that a series motor develops high starting torque. 

19. Using characteristics, explain why a DC series motor 

(/) Is suitable for electric traction 

(//) Should never be started without a load on it. 
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20. Sketch the speed-load and torque-load characteristics of DCcumulatively-compound motorand comment 
on the shape of the characteristics. Indicate where such a motor can be ideally used. 

21. Some ofthe applications given below need suitable motors. Motors available are series, shunt, cumulatively 
compound, differential compound DC motors. Mention the motor used for the following applications; give 
reasons for your answer. 

Blower, shearing machines, diesel electric locomotives, cranes, hoists centrifugal pumps, elevators and 
rolling mills. 

22. Describe the factors for the selection of DC motors for specific application. 

23. List applications of DC shunt, DC series and DC compound motors. 

24. How will you determine the value of resistance of each step of a DC shunt motor starter when the maximum 
and minimum value of current varies between and 4 ? 

25. Explain the function of no-volt and over load release coil in a two-point series motor starter? 

26. While starting a DC motor, why does a resistor connected in series with the armature? Describe a suitable 
starter for starting a DC shunt motor having No-volt and overload protections. 

27. Name various starters used for DC motorand explain working of any one of them with a suitable diagram. 

28. Write a short note on DC motor starters. 

29. Explain why a starter is required for starting a DC motor. Describe a three-point starter having no-volt 
and over-load protections for starting a DC shunt motor. What modification is made in a 4 point starter? 

30. Explain the working principle of a 3 point starter of a DC shunt motor. 

31. What may happen to a DC shunt motor connected to a three-point starter if the field excitation is kept 
minimum at the time of starting? 

32. A DC shunt motor is connected to a three-point starter. Explain what would happen if: 

(/) The starter handle is moved rapidly from OFF to the ON position. 

(//') The field circuit is open and an attempt is made to start the motor. 

[Hi) The field circuit becomes open-circuited with the motor running at no-load, with the assumption 
that the starter is not provided with the no-volt release and the spring. 

(/V) The field excitation is minimum at the time of starting. 

33. Why is starting current high in a DC motor? Explain the working of a four-point starter for a DC machine. 

34. Write a general expression for the speed of a DC motor in terms of supply voltage and flux per pole. 

35. Describe the speed control methods of DC shunt motors. 

36. Describe briefly tbe methods of speed control used for DC series motors. 

37. Explain with neat sketch how speed control of a DC shunt motor is obtained by Ward Leonard control 
system. How the direction of rotation of the motor is usually reversed in this method of speed control? 

38. Identify the factors that predominantly affect the speed of a DC motor. Discuss two methods for varying 
the speed of a DC series motor for constant load torque. List one application of each of these methods. 

39. Define speed regulation and percentage speed regulation of a DC motor. 

40. Which of the following three motors has the poorest speed regulation: Shunt motor, series motor or 
cumulative compound motor? Explain. 
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41. Explain the series-parallel control of two identical series motors. How many speeds are possible? Are the 
motors run faster in series combination or parallel combination? 

42. Explain the speed control of DC series motor by (/') field divertors (//) variable resistance in series with 
motor. 

43. With relevant circuit diagrams, describe different methods of speed control of DC series motor. 

44. Explain four methods by which flux is varied to control the speed of a DC series motor, with neat sketches. 

45. What is meant by braking of DC motors? Describe, briefly, the various methods of braking of DC shunt 
motors. 

46. Why is electric braking of electric motors superior to mechanical braking? How is dynamic braking of DC 
shunt motor done? 

47. What is regenerative braking? Why it cannot be accomplished with a series wound DC motor without 
modifications in the circuit diagram? Give merits and demerits? 

48. What are the various losses occurring in rotating machines? Mention the method to reduce them. 

49. Give an account of the losses which occur in a DC machine and explain how these losses vary with load 
and speed. 

50. Mention the factors on which the hysteresis loss (l/l^) and eddy current loss (l/k’g) in a DC machine depend. 
How these losses are reduced? 

51. Draw a power flow diagram of a DC motor and define commercial, mechanical and electrical efficiency 
of a motor. 

52. Derive condition for maximum efficiency of a DC motor. 

53. What are the various tests performed on a DC Machine? Explain any two. 

54. To determine no-load losses, Swinburne’s test is performed. Explain it and mention its limitations^ 

55. Describe the Hopkinson’s test for obtaining the efficiency of two similar shunt machines. 

56. What is Hopkinson test? Draw a diagram and explain the procedure of Hopkinson test. 

57. Classify various losses in a DC machine and indicate the factors on which these depend. Explain the 
regenerative method of determining the efficiency of a DC machine. List the merits and demerits of the 
method. 

58. Explain a suitable method for determining the efficiency of a series motor. 

59. With a neat circuit diagram discuss how the efficiency of DC series motors can be determined, by conducting 
field’s test. 


Multiple Choice Questions 

1. Usually, the normal value of the armature resistance of a DC motor is 

(a) 100 Q (b) 0.5 Q 

(c) ion [d] 0.005n 

2. The ratio f^/l/of a DC motor represents its 

(a) efficiency (b) speed regulation 

(c) starting torque (b) Running Torque 
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3. The power developed in the armature of a DC motor is equal to 

(a) armature current multiplied by back emf (b) power input minus losses 

(c) power output plus iron losses {d) power output multiplied by efficiency 

4. If load on a DC shunt motor is increased, its speed is decreased due primarily to 

(a) increase in its flux (d) decrease in back emf 

(c) increase in armature current [d] increase in brush drop 

5. If the voltage applied across the armature of a DC shunt motor is increased by 5% keeping its load current 
and field constant, what will be the effect on its speed? 

(a) decrease by about 5 percent (b) remain unchanged 

(c) increase by about 5 percent {d) increase by 10 percent 

6 . The torque available at the shaft of a DC motor is less than the torque developed in the armature because 

of.losses. 

(a) copper (d) mechanical 

(c) iron {d) rotational 

7. Neglecting saturation, if current taken by series motor is increased from 10 A to 13A, the percentage 

increase in its torque is.percent 

(a) 80 (d) 69 

(c) 44 (d) 39 

8 . The armature resistance of a 110 V DC motor is 0.5 ohm. What will be its armature current if the back 
emf is 100 V. 

(a) 20 A (d) 200 A 

(c) 220 A (d) 60 A 

9. With the increase in load, the speed of a DC shunt motor 

(a) reduces slightly (d) remains constant 

(c) increases slightly (d) increases proportionately 

10. For drives requiring high starting torque but only fairly constant speed such as crushers, the most suitable 
DC motor would be 

(a) shunt (d) series 

(c) compound (d) permanent magnet 

11. DC shunt motors are most suitable to drive fans because they require 

(a) small torque at start (d) large torque at high speeds 

(c) practically constant voltage (d) both (a) and (d) 

12. When a 220 V DC shunt motor draws an armature current of 10 A, it develops a torque of 50 Nm. What 
will be the torque developed when armature current reduces to 20 A. 

(a) 54 N-m (d) 81 N-m 

(c) 108 N-m (d) None of the above 


13. One can change the speed of a DC motor by varying 


(a) its flux per pole 
(c) applied voltage 


(d) resistance of armature circuit 
(d) all of above 


The most efficient method of increasing the speed of a 5 kW DC shunt motor would be 
(a) armature control method (d) flux control method 

(c) Ward-Leonard method (d) tapped-field control method 
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15. Usually.test is performed to determine the efficiency of a traction motor 

(a) Fieid’s (b) brake 

(c) Hopkinson’s [d) Swinburne’s 


16. The Swinburne’s test is considered to be the best one because it 

(a) is appiicabie both to shunt and compound motors 

(b) needs one running test 

(c) is very economicai and convenient 
(rf) ignores any charge in iron ioss 

17. The major disadvantage of Hopkinson’s test for finding efficiency of DC shunf motors is that it 

(a) requires fuii-ioad power (b) ignores any change in iron ioss 

(c) needs one motor and one generator (d) requires two identicai shunt machines 


Keys to Multiple Choice Questions 


l.b 
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5.C 
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Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

,/ What are the basic principles on which working ot synchronous machine depends? 

V How emf is induced in a synchronous generator. 

V Why stationery armature and revolving field system is preferred tor large synchronous 
generators? 

^ What is the function and material ot different parts ot a synchronous machine? 

^ Where and why synchronous generators ot salient or non-salient pole type construction are 
preferred. 

^ How magnetic poles ot synchronous machines are excited. 

^ What are various types ot windings used in synchronous machines, viz. single-phase and three- 
phase, concentrated and distributed, single-layer and double-layer, full-pitched and short-pitched, 
concentric, lap and wave winding? 

./ What is the meaning ot different terms used while preparing different winding schemes viz. coil, 
coil pitch, pole pitch, electrical and mechanical angle, slot pitch, phase spread etc. 

V What are coil span and distribution factors and their significance. 

■/ Various factors on which induced emf in an alternator depends. 

^ How revolving field in set-up in the stator core of a 3-phase wound machine 

^ What is Ferrari’s principle and its importance? 

^ Why the alternators are rated in kVA? 

^ What is armature resistance and leakage reactance? 

^ What is armature reaction and how it is affected by the type of load (resistive, inductive or 
capacitive)? 

^ What is the effect of armature reaction on the terminal voltage or induced emf of an alternator? 

^ How to draw a simplified equivalent circuit of an alternator? 

./ What is voltage regulation and how it is affected by the power factor of the load? 

./ How to perform open-circuit and short-circuit test on a synchronous generator? 

V What is ampere-turn (or mmf) method for determining voltage regulation of a synchronous 
generator? 

^ What is zero power factor (or Potier method) of determining voltage regulation of a synchronous 
generator? 

^ What power is developed by a cylindrical synchronous generator? 
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V' What is two-reactance concept for salient pole synchronous machines? 
v' How to determine direct axis synchronous reactance [X^ and quadrature axis synchronous 
reactance [Xp 

y What are transients in alternators? 

y What is the meaning of sub-transient, transient and direct reactance? 

✓ What are the various losses in an alternator? 

✓ Why alternator are heated-up during working and how these are cooled down? 


Introduction 

In an AC system voltage level can be increased or decreased (as per requirement) very easily with 
the help of a transformer, therefore, this system is exclusively used for generation, transmission and 
distribution of electric power. The mechanical power or energy is converted into electrical power 
or energy with the help of an AC machine called alternator or synchronous generator. However, 
when the same machine can be used to convert electrical power or energy into mechanical power 
or energy, then it is known as a synchronous motor. Thus, the same machine can be operated as a 
generator or as a motor and in general, it is called as a synchronous machine. In fact, it is a machine 
which rotates only at synchronous speed (N^ = 120 fIF) under all conditions. To understand the 
construction, working and performance of the machine its study is divided into number of main 
topics as chapters, to be followed. 

In this chapter, the readers will go through various topics related to this machine when working 
as a synchronous generator or alternator. 


6.1 General Aspects of Synchronous Machines 


A machine in which the following relation is maintained for its satisfactory operation is called a 
synchronous machine (The machine may work as a generator or motor): 


N, 


120 / 

P 


or 


f=^ 

120 


where Ng is the synchronous speed in rpm; /is the supply frequency and 
P is the number of poles of the machine. 

When the machine is to work as a generator, it has to run at synchronous speed {N^ to generate 
power at certain frequency (/), called power frequency. In India its value is 50 Hz, whereas in the 
USA it is kept at 60 Hz. 

When the machine works as a motor, it can rotate only at synchronous speed (N^ since the magnetic 
poles are locked with the revolving field. If the machine fails to rotate at synchronous speed, it is 
palled out of step and stops. 

Hence, synchronous machine (generator or motor) is a machine which only runs at synchronous 
speed and maintains the relation; 

Ng = 120f/Prpm 
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6.2 Basic Principles 

A synchronous machine is just an electro-mechanical transducer which converts mechanical energy 
into electrical energy or vice-versa. The fundamental phenomenon which make these conversions 
possible are: 

(i) the law of electro-magnetic induction and {ii) law of interaction. 

(i) Law of electromagnetic induction: This relates to the production of emf i.e., em/is induced in 
a conductor whenever it cuts across the magnetic field (see Fig. 6.1). This is called Faraday’s 
first law of electromagnetic induction. 

(ii) Law of interaction: This law relates to the phenomenon of production of force, or torque i.e., 
whenever a current carrying conductor is placed in the magnetic field, by the interaction of the 
magnetic fields produced by the current carrying conductor and the main field, force is exerted 
on the conductor and torque is developed (see Fig. 6.2). 



Fig. 6.3 Generator action I Fig. 6.4 Motor action 


1. in generator action, the rotation is due to|1. in motoring action, the rotation is due to eiectro- 

mechanicai torque, therefore, 7j„and ®are in the | magnetic torque, therefore, f and ® are in the 

I same direction. same direction. 

I 

2. The frictionai torque Tjacts in opposite direction | 2. The frictionai torque Tracts in opposite direction 

to rotation ®. I to rotation ®. 

3. Eiectromagnetictorque Tracts in opposite direction 3. Mechanicai torque Tracts in opposite direction to 

to mechanicai torque so that = af + cof. eiectromagnetic torque f so that af = + a>Tf. 

4. in generator action, an emf is induced in the 4. in motoring action, current is impressed to the 

armature conductors which circuiates current in armature against the induced emf (e), therefore 

the armature when ioad is connected to it. Hence, | current fiows in opposite direction to that of 

e and / both are in the same direction. I induced emf. 

5. in generator action, f> 1/ |5. in motor action, f < 1/ 

6. in generator action, the torque angie 0 is ieading. j 6. in motoring action, the torque angie 0 is iagging. 

7. in generator action, mechanicai energy is converted I 7. in motoring action, eiectricai energy is converted 

into eiectricai energy. I into mechanicai energy. 
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6.3 Generator and Motor Action 

In generator action, an emfis induced in the armature conductors when they cut across the magnetic 
field. On closing the circuit, current flows through the armature conductors which produces another 
field. By the interaction of this field and main field a force is exerted on the conductor which acts is 
opposite direction to that of rotation. It is this force against which the relative motion of conductors 
has to be maintained by the mechanical power supplied by the prime-mover, thus the mechanical 
power is converted into electrical power. 

In motor action, a current is supplied to the machine which flows through the armature conductors. 
The armature conductors produce a field which interacts with the main field. Thus, a force is exerted 
on the conductors and rotation takes place (i.e., torque is developed). Once rotation occurs, an emf 
is induced in the conductors due to relative motion. This emf acts in opposite direction to the flow 
of current. The flow of current has to be maintained against this emf by applying external voltage 
source thus electrical power is converted into mechanical power. 


6.4 Production of Sinusoidal Alternating emf 

When a conductor or coil cuts across the magnetic field an emf is induced in it by the phenomenon 
called electromagnetic induction. This can be achieved either by rotating a coil in the stationary 
magnetic field or by keeping the coil stationary and rotating the magnetic field. (The magnetic field 
can be rotated by placing the field winding on the rotating part of the machine). 

For illustration see Figs. 6.5(a) and (b), two positions of a coil rotating in a stationary magnetic 
field are shown. Whereas, in Figs. 6.5(c) and id), two positions of a rotating electro-magnet in a coil 
placed on stationary armature are shown. At first instant, the emf induced in the coil is zero since 
flux cut by the coil is zero. However, at second instant, the em/induced in the coil is maximum (say 
positive). The two instants tj and tj are marked on the wave diagram shown in Fig. 6.5(e). In one 
revolution the induced em/completes one cycle and its wave shape is shown in Fig. 6.5(e). 







Fig. 6.5 (a to d) Generation of alternating emf, (e) Wave shape of alternating emf 
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6.5 Relation between Frequency, Speed and Number of Poles 

In Fig. 6.6, a machine is shown having P number of poles on the rotor revolving at a speed at rpm 
When a conductor passes through a pair of poles one cycle of emf is induced in it. 



Fig. 6.6 One cycle is produced when a coil passes through a pair of poles 

No. of cycle made per revolution 

No. of revolutions made per second 
No. of cycles made per second 

f 

6.6 Advantages of Rotating Field System over Stationary Field System 

Only in small synchronous machines the field system is placed on stator and armature winding on 
rotor, but in larger machines, the field winding is placed on the rotor and armature winding is placed 
on the stator. The rotating field and stationary armature system is preferred over stationary field and 
rotating armature system. 

Following are the important advantages of rotating field system over stationary field system: 

(i) The armature winding is more complex than the field winding. Therefore, it is easy to place 
armature winding on stationary structure. 

(ii) In the modern alternators (synchronous generators), high voltage is generated, therefore, heavy 
insulation is provided and it is easy to insulate the high voltage winding when it is placed on 
stationary structure. 

{Hi) The size of the armature conductors is much more to carry heavy current, therefore, high 
centrifugal stresses are developed. Thus, it is preferred to place them on stationary structure, 
(iv) The size of slip rings depends upon the magnitude of flow of current, therefore, it is easy to 
deliver small current for excitation, through slip rings of smaller size when rotating field system 
is used. 


2 

= ^ 

60 

= No. of cycles/revolution x No. of revolutions/s 
P N PN 

' TX* 'l20 
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(v) It is easier to build and properly balance high speed rotors when they carry the lighter field 
system. 

(vi) The weight of rotor is small when field system is provided on rotor and as such friction losses 
are produced. 

(vii) Better cooling system can be provided when the armature is kept stationary. 


6.7 Constructional Features of Synchronous Machines 

The important parts of a synchronous machine are given below: 

1. Stator 2. Rotor 3. Miscellaneous 

1. Stator: The outer stationary part of the machine is called stator; it has the following important 
parts: 

(i) Stator frame: It is the outer body of the machine made of cast iron and it protects the inner 
parts of the machine. It can be also made of any other strong material since it is not to 
carry the magnetic field. Cast iron is used only because of its high mechanical strength. 

(ii) Stator Core: The stator core is made of silicon steel material. It is made from number of 
stamping which are insulated from each other. Its function is to provide an easy path for 
the magnetic lines of force and accommodate the stator winding. 

(Hi) Stator Winding: Slots are cut on the inner periphery of the stator core in which three-phase 
or one-phase winding is placed. Enamelled copper is used as winding material. 

2. Rotor: The rotating part of the machine is called rotor. From construction point of view, there 
are two types of rotors named as 

(i) Salient pole type rotor; (ii) Non-salient pole type rotor. 

(i) Salient pole type rotor: In this case, projected poles are provided on the rotor. The cost 
of construction of salient pole type rotors is low, moreover sufficient space is available 
to accommodate field winding but these cannot bear high mechanical stresses at high 
speeds. Therefore, salient pole 
type construction is suited 
for medium and low speeds 
and are usually employed 
at hydro-electric and diesel 
power plants as synchronous 
generators. Since the speed of 
these machines (generators) 
is quite low, to obtain the 
required frequency, the 
machines have large number 
of poles as shown in Figs. 6.7 
and 6.8. To accommodate 
such a large number of poles, 
these machines have larger 
diameter and small length. 


Air duct for 
cooling 
Laminated 
stator core 



- Outer 
frame 

Laminated 
pole shoe 

Pole shoe 
Field winding 


Path of mean 
magnetic flux 


Fig. 6.7 Salient pole type alternator. 
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For a speed of 200 rpm (alternators coupled with water turbines) the diameter of the 
machines is as large as 14 metre and length is only 1 metre. The salient pole type rotor 
has the following important parts: 



(a) Salient pole type rotor 



(b) Pole with a 

damping winding 



Fig. 6.8 Parts of rotor of salient pole alternator 


(a) Spider: Spider is made of cast iron to provide an easy path for the magnetic flux. It 
is keyed to the shaft and at the outer surface, pole core and pole-shoe are keyed to it 
[see Fig. 6.9(a)]. 

{b) Pole core and pole shoe: It is made of laminated sheet material [see Figs. 6.8 

(b) and 6.9(fe)]. Pole core provides least reluctance path for the magnetic field and pole 
shoe distributes the field over the whole periphery uniformly to produce sinusoidal 
wave form of the generated emf. 



Damper 

winding 



(c) Field winding or Exciting winding: Field winding [see Fig. 6.8 (c)] is wound on the 
former and then placed around the pole core. DC supply is given to it through slip 
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rings. When direct current flows through the field winding, it produces the required 
magnetic field. 

id) Damper winding: At the outermost periphery, holes are provided [see Fig. 6.9 ib)) in 
which copper bars are inserted and short-circuited at both the sides by rings forming 
damper winding. 

Generally, the segments on individual poles are joined together to form common rings 
resulting in a short-circuited squirrel cage winding similar to that used in induction 
machines with squirrel cage rotors. Salient pole machines are frequently provided with 
a damper winding on the rotor to damp rotor oscillations during transient-conditions 
and to facilitate smooth operation under unbalanced load conditions. 



Fig. 6.10 Salient pole type alternator mounted vertically at hydro-electric power plant (half-sectional view) 

At hydro-electric power plants, usually, salient pole type alternators are placed with 
their shafts in vertical position, as shown in Fig. 6.10. 

(ii) Non-salient pole type rotor: A non-salient pole alternator is shown in Fig. 6.11. In this 
case, there are no projected poles but the poles are formed by the current flowing through 
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the rotor (exciting) winding. Non-salient pole type construction is suited for the high 
speeds. The steam turbines rotate at a high speed (3000 rpm). When these turbines are 
used as prime-mover for this machine working as a generator, a small number of poles 
are required for given frequency. Hence, these machines have smaller diameter and larger 
length. Non salient pole type rotors have the following parts: 

(a) Rotor core: Rotor core is made of silicon steel stampings. It is keyed to the shaft. At 
the outer periphery slots are cut in which exciting coils are placed. It provides an easy 
path to the magnetic flux. 

(b) Rotor winding or Exciting winding: It is placed in rotor slots and current is passed 
through the winding in such a way that poles are formed according to the requirement 
(see Fig. 6.12). 




Field winding 

Fig. 6.12 Non-salient pole type rotor 


3. Miscellaneous Parts: The following are few important miscellaneous parts; 

(i) Brushes: Brushes are made of carbon and these just slip over the slip rings. DC supply is 
given to the brushes. From brushes current flows to the slip rings and then to the exciting 
winding. 

{ii) Bearings: Bearings are provided between the shaft and outer stationary body to reduce 
the friction. The material used for their construction is high carbon steel. 

(Hi) Shaft: Shaft is made of mild steel. Mechanical power is taken or given to the machine 
through shaft. 


Some Special Features of Salient and Non-salient Structures 

Usually the salient pole field structure has the following special features: 

(i) These are of larger diameter and shorter length. 

(ii) Usually, 2/3’^'* of the pole pitch is covered by the pole shoes 
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{Hi) To reduce eddy current losses, the poles are laminated. 

{iv) The machine having such structure are employed with hydraulic turbines or with diesel engines 
which are usually operated at low speeds (100 to 375 rpm) 

The non-salient field structure has the following special features. 

(i) They are of smaller diameter and of very long axial length. 

{ii) Robust construction and noiseless operation. 

{Hi) Less windage (air-resistance) loss. 

(iv) Better in dynamic balancing. 

(v) High operating speed (3000 rpm). 

(vi) Nearly sinusoidal flux distribution around the periphery, and therefore, gives a better emf 
waveform than that obtainable with salient poles field structure. 

{yii) There is no need of providing damper windings (except in special cases to assist in synchronising) 
because the solid field poles themselves act as efficient dampers. 

Air-gap and its Significance 

A very small air-gap increases the stray-load loss and synchronous reactance X^. A large air-gap 
needs larger excitation current. Therefore, a compromise has to be made. Generally the ratio of air- 
gap to the pole pitch is between 0.008 and 0.02. 


6.8 Excitation Systems 

Since the field winding is on rotor, a special arrangement is necessary to connect DC source to the 
field. In small size synchronous machines, generally the field winding is excited from a separate 
DC source through sliprings and brushes. Sliprings are metal rings completely encircling the shaft 
of the machine, but insulated from it. A brush rides and slips over each slipring. The positive end of 
a DC voltage source is connected to one brush and negative end is connected to another brush. In 
large machines, various schemes are employed to supply DC excitation to the field winding. Some 
of the most important excitation systems are given below: 

6.8.1 DC Exciters 

This is a conventional method of exciting the field windings of synchronous generators. In this method, 
three machines namely pilot exciter, main exciter and the main 3-phase alternator are mechanically 
coupled and are therefore, driven by the same shaft. The pilot exciter is a DC shunt generator feeding 
the field winding of a main exciter. The main exciter is a separately-excited DC generator which 
provides the necessary current to the field winding of the main alternator through brushes and slip 
rings as shown in Fig. 6.13. 

This conventional method of excitation suffers from cooling and maintenance problems associated 
with slip rings, brushes and commutator with the higher rating alternators. The modern excitation 
systems have been developed by eliminating the sliding contacts and brushes. This has led to develop 
static and brushless-excitation systems. 




Fig. 6.13 Circuit diagram of DC exciter 


6.8.2 Static Excitation System 

In this method, the excitation power for the main alternator field is drawn from output terminals 
of the main 3-phase alternator itself For this purpose, a three-phase transformer steps down the 
alternator voltage to the desired value. This three-phase voltage is fed to a three-phase full wave 
bridge rectifier using thyristors. The firing angle of these thyristors is controlled by means of a 
regulator which picks up the signal from alternator terminals through potential transformer PT and 
current transformer CT as shown in Fig. 6.14. The controlled DC power output from thyristor unit is 
delivered to the field winding of main alternator through brushes and slip rings as shown in Fig. 6.14. 



While initiating the process of static excitation, first of all, field winding is switched on to the 
battery bank to establish field current in the alternator. The alternator speed is adjusted to rated 
speed. When the output voltage from alternator is built up sufficiently, the alternator field windings is 
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disconnected from battery bank and is switched on to the thyristor bridge output. Sufficient protection 
devices are installed in the static excitation scheme for any possible fault in the excitation system. 
The advantages of static excitation are as follows: 

1. Its response time is very small about 20 m sec. 

2. It eliminates the exciter windage loss and commutator, bearing and winding maintenance. 

3. As the excitation energy is taken from alternator terminals itself, the excitation voltage is directly 
proportional to alternator’s speed. This improves the overall system performance. 

6.8.3 Brushless Excitation System 

Figure 6.15 shows a simplified diagram of a brushless excitation system. The excitation system 
consists of an alternator rectifier main exciter and a pilot exciter (permanent magnet generator PMG). 
Both the main exciter and pilot exciter are driven directly from the main shaft. The main exciter 
has a stationary field and a rotating armature, which is directly connected, through silicon rectifiers 
Sj to the main alternator field. Thus the sliprings and brushes are eliminated. The main exciter’s 
field is fed from a shaft driven PMG, having rotating permanent magnets attached to the shaft and 
a stationary 3-phase armature. The AC output of PMG is rectified by three-phase full-wave phase 
controlled thyristor bridges. The thyristor assembly is usually housed in removable drawers, which 
can be taken out easily for repair. The thyristor bridges are controlled by a set of dual firing circuits 
operating in parallel. 

Main 



Fig. 6.15 Brushless excitation system for synchronous generator 


The base excitation is controlled by an input setting to the thyristor gating circuits. This control 
signal is derived from the PMG via a regulated DC supply, which also serves the regulator logic 
circuitry. The regulator controls excitation by supplying a buck-boost control signal, which adds 
algebraically to the base setting. The regulator elements also comprise of solid state circuits. 

This excitation system has a short time constant and a response time of less than 0.1 second. 
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Section Practice Problems 


Shor t Answer Type Questions 

Q.1. How will you define a synchronous machine? 

Ans. An AC machine that rotates only at synchronous speed Ng is called a synchronous machine. Its 
satisfactory operation depends upon the relation. 



Q.2. What is a synchronous motor? State its working principle. 

Ans. An AC machine that converts electrical power or energy into mechanical power or energy and rotates 
only at synchronous speed is called synchronous motor. 

The basic principle of operation of a synchronous motor is torque development by tbe alignment of 
two fields. In this machine the two fields are magnetically locked and rotor is dragged by tbe stator 
revolving field. 

Q.3. Broadly, suggest the construction of synchronous machines? 

Ans. Usually large size machines have stationary armature and rotating field system because of economy 
and simple designing. 

As for as construction of rotor is concerned, there are two types of synchronous machines namely, 
(/) Salient pole type 
(//') Non-salient pole type 

Q.4. What can be the maximum speed of synchronous machines operating at 50 Hz? 

Ans. 3000 rpm, since minimum number of poles can be 2 and = 1^0^ 50 _ gggg |.p|^ 

Q.5. Which type of rotor is used in high speed alternators? 

Ans. Non-salient pole type rotors are used in high speed alternators. 

Q.6. Mention the major advantages and disadvantages of salient pole type rotor construction. 

Ans. Advantages: 

1. These are cheaper in cost in comparison to non-salient pole type rotor construction. 

2. They provide more space to accommodate field winding 

Disadvantages: 

These cannot be operated at bigb speeds due to heavy mechanical stresses. 

Q.7. Where do you suggest to apply salient pole type of alternators and non-salient pole type of 
alternators. 

Ans. (/) Salient pole type alternators are operated at low speeds and are coupled with water turbines at 
hydro-electric power plants and with diesel engines at diesel power plants. These machines have 
large number of poles, larger diameter and smaller length. 

(/7) Non-salient pole type alternators are operated at high speeds and are coupled with steam turbines 
at thermal power plants. These machines have less number of poles, smaller diameter and larger 
length. 

Q.8. Why are the pole core and pole shoes laminated? 

Ans. To reduce eddy current losses. 
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Q.9. Why the core of turbo-alternators in long with smaller diameter? 

Ans. The turbo-alternators are operated at high speed. They carry less number of poles (only 2 or 4) which 
can be accommodated in smaller rotor diameter but to produce desired flux for generation of required 
power, core length has to be increased. 

Q.10. At what voltage, usually, the field winding of an alternator is excited? 

Ans. 250 V or 125 V DC. 

Q.11. What are the different methods by which excitation is provided in synchronous machines? 

Ans. 1. By DC exciters 

2. By static excitation system. 

3. By brushless excitation system. 


6.9 Armature Winijing 

In the large synchronous machines, stationary part is the armature. On the inner periphery of the 
stator core, number of slots (mostly open parallel sided slots) are provided. In these slots armature 
winding is placed. 


6.10 Types of Armature Winding 

Various types of winding schemes can be adopted to wound the armature of an alternator, a few of 
them are given below: 

1. Single-phase and poly-phase windings: When only one winding is placed on the armature 
and only one emf is obtained at the output, winding is called single-phase winding. 

When more than one windings are placed on the armature and emfs induced are more than one, 
displaced from each other by some angle, the winding is called poly-phase winding. Mostly 
three-phase winding is provided on the armature. 

2. Concentrated and distributed windings: When one slot per pole or slots equal to the number 
of poles are employed, the windings thus obtained are called concentrated windings. Such 
windings give maximum induced emfs for given number of conductors but the wave form of 
induced emf is not exactly sinusoidal. 

When number of slots per poles are more than one, the windings thus obtained are called 
distributed windings. Such windings give slightly less than maximum induced emf for a given 
number of conductors but the wave form of induced emf is more sinusoidal. 

3. Single layer and double layer windings: When only one coil side is placed in a slot, the winding 
is called single layer winding. However, when two coil sides are placed in one slot, one over 
the other, the winding is called double layer winding. 

4. Full pitched and short pitched windings: When the two coil sides of the same coil are 180 
electrical degrees apart, the winding is called/«// pitch winding. When the two sides of the 
same coil are less than 180 electrical degrees apart, the winding is called short pitch winding. 
The em/induced in each coil is maximum with full pitch winding scheme is employed whereas 
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em/induced in the short pitch winding is less than that. However, short pitch winding is preferred 
over full pitch winding because of the following reasons: 

(i) It decreases the length at the end-connections and thus amount of copper required is saved. 
{ii) It reduces the slot reactance and thus improves the wave shape of the generated emf, i.e., the 
generated emf can be made to approximately sinusoidal more easily by properly chording 
the winding. 

(Hi) It reduces or eliminates distorting harmonics in the wave form of generated emf 
The only disadvantage of short pitch winding is that a few more turns are used to obtain the 
same voltage as it would be induced in full pitch winding. 

5. Concentric (or spiral), Lap and Wave windings: When each group of coils under a pole is 
arranged into a sort of concentric shape i.e., when the current flow is traced through one such 
properly connected set of coils that the conductors seem to form a spiral around a portion of 
the core (see Fig. 6.16) the winding is called concentric or chain or spiral winding. This type 
of winding scheme is preferred for large diameter, low speed synchronous machines. 



In the alternators, the lap and wave windings give the same emf as long as the other conditions 
are the same. In case of lap winding as shown in Fig. 6.17, coils or coil sides overlap the other 
consecutively and connections are made. Whereas in wave winding, as shown in Fig. 6.18 the 
coils are always forward connected. The connections of a lap winding are simpler to that of the 
wave winding, therefore lap winding is exclusively used. 



Fig. 6.17 Lap winding 
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Fig. 6.18 Wave winding 


6.11 Important Terms Used in Armature Winding 

Some of the important terms used in the armature winding are given below: 

(r) Electrical angle: When a conductor passes through a pair of poles, one cycle of em/is induced 
in it. Thus a pair of poles represents an angle of 360 electrical degrees. 

There is a perfect relation between electrical and mechanical angle. 

Electrical angle = Mechanical angle x Pair of poles. 

(ir) Pole pitch: Distance between two neutral axis (or similar points) of adjacent poles is called 
poles pitch. The pole pitch can be expressed as number of slots per poles or electrical degrees 
(i.e., 180° elect.), refer to Fig. 6.20. 

If S is the number of slots on the whole periphery of armature and P is the number of poles. 
Then, 

Pole pitch = No. of slots per pole = SIP. 

(Hi) Coil: Two conductors placed in the two slots displaced by pole pitch (in full pitch winding) or 
less than pole pitch (in short pitch winding), connected at one side by the end connections form 
a single turn coil as shown in Fig. 6.19(fl). When number of turns are connected in series and 
each side (coil side) is placed in the slot, it is called a multi-turn coil as shown in Figs. 6.19(b) 
and (c). The multi-turn coil is shown in Fig. 6.19(d) by a single line diagram. 



(a) (b) (c) (d) 

Fig. 6.19 Single and multi-turn coils 
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(iv) Coil pitch or coil span: The distance between two active sides of a coil is called coil span. It 
is expressed in terms of number of slots or electrical degrees. Refer to Fig. 6.20. 



(v) Slot pitch: The distance between centre points (or similar points) of two consecutive slots or 
teeth is called slot pitch. It is expressed in electrical degrees. Refer to Fig. 6.20. 


slop pitch, a = 


180° 

No. of slots/pole 


(vi) Phase spread: The angle or space of pole face over which coil sides of the same phase are spread 
is called phase spread, as shown in Fig. 6.20. In a distributed winding, the conductors of one 
phase under one pole are spread in number of slots so that each phase has equal distribution. 
In a three phase winding: 


Phase spread = 


180 

3 


60 electrical degrees 


or Phase spread = No. of slots/pole/phase 


Example 6.1 

Draw a developed winding diagram for a 4 pole, 
1-phase synchronous machine when (i) the winding is 
single layer concentrated in one slot (ii) the winding is 
single layer and distributed in three slots per pole. 

Solution: 

(i) The developed winding diagram is shown in Fig. 
6 . 21 . 

(ii) The developed winding diagram is shown in Fig. 

6 . 22 . 
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Fig. 6.22 Single layer distributed winding 


Example 6.2 

Draw a single-layer, full-pitch, distributed lap-winding for a 3-phase, 4-pole, 24-slot armature. 


Solution: 


24 

No. of slots per pole = “^ = 6 


Slot pitch, a 


180° 


No. of slots/pole 


180° 

6 


= 30° electrical. 


First phase starts with in a first slot, then second phase will start with from slot No. 5, since 
second phase is to start after 120 electrical degrees i.e., 120/30 = 4 slots, i.e., after a gap of 4 slots 
and so on. 

The winding diagram is shown in Fig. 6.23. 
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7 ; - 1 - 7 - 2 - 8 - 13 - 19 - 14 - 20 - r; - Phase-I 
Tj - 5 - 11 - 6 - 12 - 17 - 23 - 18 - 24 - Tj' - Phase-II 
7’3 - 9 - 15 - 10 - 16 - 21 - 3 - 22 - 4 - 7’3' - Phase-III 

Example 6.3 

Draw a double-layer, full-pitch, distributed lap-winding (for one-phase only) for a 3-phase, 4-pole, 
48-slot armature of an alternator. Give the winding scheme for all the three phases: 

Solution: 

48 

Pole pitch = — = 12 slot 
48 

No. of slots/pole/phase = -—^ = 4 
4 X .3 

For full-pitch winding, the upper conductor of first slot will be connected with lower conductor 
of(l H- 12 = 13) thirteenth slot and the lower conductor of 13th slot will be connected with upper 
conductor of (13 - 11 =2) 2"‘^ slot and so on, as per the following scheme. The upper conductors of 
each slot are represented as (1, 2, 3,..., 48) and lower conductor is represented as (T, 2', 3',..., 48') 
The winding scheme for the three phases is given below: 


(+) Ti Phase-A (+) (+) Tj Phase-B (+) (-) T3 Phase-C (-) 



The developed winding diagram is shown in Fig. 6.24 


Example 6.4 

Draw a double-lay, short-pitch (5/6),distributed lap-winding (for one-phase only) for a 3-phase, 
4-pole, 48 slot armature of an alternator. Also give the winding scheme for all the three phases. 


Solution: 


Pole pitch = ^ = 12 slot 


No. of slots/pole/phase 


48 

4x3 


= 4 slot 
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Winding is short pitches, coil span = y Xl2 = 10 slot 

6 


Upper conductor of slot is to he connected with the lower conductor of (1 + 10 = 11) eleventh 
slot and the lower conduct or 11* slot is to he connected with upper conductor of 2nd slot (11 - 9 = 
2) and so on. 

The winding scheme of the three phases is given below: 


(+) Phase-A (+) (+) Tj Phase-B (+) (-) T3 Phase-C (-) 



The developed winding diagram is shown in Fig. 6.25 


Section Practice Problems 

Numerical Problems 

1. Draw a developed winding diagram for (/) six-pole, one-phase synchronous machine having single layer 
winding concentrated in one slot (//') four-pole, one-phase synchronous machine having single layer 
winding distributed in two slots. 

2. Draw a single-layer, full-pitch, distributed lap-winding for a three-phase, six-pole, 36-slot armature. 

3. Draw double-layer, full-pitch, distributed lap-winding (only for one-phase) for a three-phase, four-pole, 
36-slot armature of an alternation. Give the winding scheme for all the three phases. 

4. Draw a double-layer, short-pitch (coil is short-pitched by one slot), distributed lap winding (only for one 
phase) for a three-phase, four-pole, 36-slot armature. Give the winding scheme for all the three phases. 

Short Answer Typ e Questions 

Q.1. What do you mean by one-phase and three-phase winding? 

Ans. When only one winding is placed in the armature and only one emf is obtained at the output, the winding 
is called a single-phase winding. 



l22| l23| l24| I25n26p27p28p29| >30| 'Sll >32| '331 >34| '351 >36| I37p38p39p40p4l| I 421 1431 M I 45 I Usl >47| '481 
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Fig. 6.25 Develop winding diagram of a double-layer, short-pitch (5/6), distributed lap-winding for a 3-phase, 4-pole, 48-slot armature. 
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When three windings are piaced on the armature and three emfs are obtained at the output which are 
dispiaced by an angie of 120 degree eiectricai, the winding is caiied three-phase winding. 

Q.2. What do you mean by single-layer and double-layer winding? 

Ans. When only one coil side is placed in a slot, the winding is called singie layer winding. However, when 
two coil sides are placed in one slot, one over the other, the winding is called doubie iayer winding. 

Q.3. Why do we prefer short-pitched winding? 

Ans. Short pitch winding is preferred over full pitch winding because of the following reasons: 

(/) It decreases the length at the end-connections and thus amount of copper required is saved. 

(/7) It reduces the slot reactance and thus improves the wave shape of the generated emf i.e., the generated 
emf can be made to approximately sinusoidal more easily by properly chording the winding. 

{Hi) It reduces or eliminates distorting harmonics in the wave form of generated emf 

Q.4. What is difference between electrical and mechanical angle? 

Ans. A pair of poles represents an angle of 360 electrical degrees but the physical angular displacement i.e., 
mechanical angle depends upon number of poles on the machine. There is a perfect relation between 
electrical and mechanical angle. 

Electrical angle = Mechanical angle x Pair of poles. 


6.12 Coil Span Factor 

In a full pitch winding the coil span or coil pitch is always equal to the pole pitch which is equal to 
180 electrical degrees. When the coil span is less than 180 electrical degrees, the winding is called 
short pitched or fractional pitch or chorded winding as shown in Fig. 6.26. 


'Full pitch winding 

Short pitch 
winding 



Fig. 6.26 Short pitched winding 



Fig. 6.27 Phaser diagram 


Let ‘e’ be the induced emf in each of the two sides of the same coil. For a full pitch winding the 
cm/induced in two sides of the coil i.e., OA and AB are 180 electrical degrees apart as shown in Fig. 
27. However, when the winding is short pitched by an angle P electrical degrees, the em/induced in 
the two sides of the coil are OA and AC, i.e., (180 - P) electrical degrees apart of shown in Fig. 6.27. 

For a full pitch winding. 

Total induced emf in the coil = OA H- AB = e e = 2e 
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For a short pitch winding, 

Total, induced em/in the coil = OC = OD + DC 

= OA cos p/2 + AC cos p/2 (where AD is _L on OC) 
= e cos p/2 + e cos p/2 
= 2e cos p/2 

The ratio of induced emf in a coil when the winding is short pitched to the induced emf in the 
same coil when it is full pitched is called a coil span factor or pitch factor or chorded factor and 
it is generally denoted be K^. It is always less than unity. 

Coil span ractor, -= cos p/2 


6.13 Distribution Factor 

In a concentrated winding, all the conductors of any one phase, which lie under a single pole, are 
placed in a single slot. When the conductors of one phase, which lie under a single pole, are placed 
in several slots, the winding is called distributed winding. A distributed winding is shown in Fig. 
6.28 in which there are 12 slots per pole for a three-phase winding or four slots per pole per phase. 
In a distributed winding, the number of coils representing each phase are connected in series and 
is called a coil group. 



The emfs induced in the conductors lying in two adjacent slots is similar in wave shape and 
magnitude but there is a phase difference between them. This phase difference is equal to the angular 
displacement between two adjacent slots, i.e., slot pitch. 

For the winding scheme considered here. 

Slot pitch = —-;—— electrical degrees = = 15° elect. 

^ No. of slots/pole ® 12 


Let there be m coils connected in series in a coil group placed in adjacent slots and a be the angle 
between two adjacent slots in electrical degrees. 

The emfs induced in the coil group are shown vectorially in Fig. 6.29. 


Where 


m = No. of slots/pole/phase = 4 


180° 

No. of slots/pole 


15° elect. 


and 


a = 
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AB = BC= CD = DE 

= emf induced in each coil side. 
AE = Vector sum of emfs of m coils. 



Fig. 6.29 Phasor diagram 


A, B, C, D and E are the points laying on the circle of radius r having centre at point ‘0\ Drop a 
perpendicular on AB at F and on AE at G from point ‘0\ 

Now AF = FB 

and AB=AF + FB = 2AF 

In right angle triangle OAF, 

AF = r sin a/2 
AB = 2r sin a/2 

Total induced emf in the coil group when all the coil sides are concentrated in one slot. 

e^ = Arithmetic sum of the induced emf in each coil 
= AB + BC+CD + DE = AAB 
(X 

= m X AB = 2m r sin — 

Now AG = GE 

and AE = AG + GE = 2GE 


In right angle triangle OGE, 


GE = r sin 


ma 

2 


AE = 2GE = 2r sin ^ 
2 


Total induced emf in the coil group when the winding is distributed in number of slots to the 
induced emf in the coil group when the winding is concentrated in one slot is called a distribution 
factor or breadth factor and it is generally denoted by K^. It is always less than unity. 
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2r sin 


ma 


sm 


ma 


Distribution factor, K, = — = 

d g 


a 2mr sin 


a 


msm 


a 


6.14 Winding Factor 

The combined effect of coil span factor and distribution factor is known as winding factor. In fact, 
winding factor is the product of coil span factor and distribution factor. 


6.15 Generation of Three-phase emf 

In a three-phase system, there are equal voltages (or emfs) of the same frequency having a phase 
difference of 120°. These voltages can be produced by a three-phase AC generator having three 
identical windings (or phases) fixed on the some spindle and displaced by 120° electrical. When 
these windings are rotated in a stationary magnetic field as shown in Fig. 6.30(a) or when these 
windings are kept stationary and the magnetic field is rotated [see Fig. 6.30(^7)], an emf is induced 
in each winding or phase. These emfs are of same magnetic and frequency but are displaced from 
one another by 120° electrical. 

Consider three identical coils Oj a^, and CjCj mounted on the rotor as shown in Fig. 6.30 
(a) or placed on the stationary armature as shown in Fig. 6.30 {b). Here, Oj, b^ and Cj are the start 
terminals, whereas, a^, ^2 Cj are finish terminals of three coils. It may be noted that a phase 
difference of 120° electrical is maintained between the corresponding start terminals a^, b^ and Cj. 
Let the three coils mounted on the same axis be rotated (or the magnetic field system be rotated 
keeping coils stationary) is ant i-clockwise direction at (o radians/second, as shown in Fig. 6.30(a) 
and (b) respectively. Three emfs are induced in the three coils respectively. Their magnitude and 
direction, at this instant are given below: 

(i) The ewr/induced in coil aj is zero and is increasing in the positive direction as shown by 
wave Oj 02 in Fig. 6.30(c). 

(ii) The coil bj b 2 is 120° (electrical) behind the coil Uj a 2 The emf induced in this coil is negative 
and is becoming maximum negative as shown by the wave bj b 2 in Fig. 6.30(c). 

{Hi) The coil CjC 2 is 120° (electrical) behind b^ b 2 or 240° (electrical) behind 02 The em/induced 
in this coil is positive and is decreasing as shown by wave Cj C 2 in Fig. 6.30(c). 

Phasor diagram: The emfs induced in three coils are of the same magnitude and frequency but are 
displaced by 120° (electrical) from each other as shown in phasor diagram [see Fig. 6.30(d)]. These 
can be represented by the equations: 
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Fig. 6.30 



(d). Phasor-representation 

Generation of three-phase emfs 


6.16 emf Equation 


Let P = No. of poles; 

(j) = Flux per pole in Wb; 

N = Speed in rpm\ 
f = frequency in Hz; 

= No. of conductors connected in series per phase 
= No. of turns connected in series per phase 
= Coil span factor; 

Kj = Distribution factor 

Flux cut by each conductor during one revolution = P tj) Wb 


Time take to complete one revolution = — second 

N 


Average em/induced per conductor = 


Ptj) _ P(t)N 


60/A 
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Average em/induced per phase, 

= ^XZ 
60 

= 4 X ^ X r ^ X 


P^N 

60 




PN 

120 




ph 




R.M.S. values of em/induced per phase, 

= Average value x form factor 

£p. = 4^/7p.xl-ll 

= 4-44 volt 

Taking into consideration the coil span factor (K^ and distribution factor (K^ of the winding. 
Actual emf induced per phase 


= 4-44volt 


6.17 Wave Shape 

The flux distribution in the air-gap of an alternator is not well distributed, moreover, if the winding 
is concentrated and full-pitched, the wave shape of the induced emf is not sinusoidal. 

The wave shape can be made sinusoidal by proper designing of salient pole shoes and using short- 
pitch and distributed winding. 


6.18 Harmonics in Voltage Wave Form 

The harmonics in the output voltage wave form are developed due to non-sinusoidal wave form of 
the field flux. These are also developed due to variation in the reluctance of the air-gap because of 
slotting of stator core. 

Suppression of Harmonics 

Harmonics can be suppressed or eliminated by various methods as mentioned below: 

(i) By well distributing the armature winding. 

(ii) By using short-pitched winding. 

{Hi) By skewing the poles by one slot-pitch. 

(iv) By using fractional slot winding. 

(v) By using slightly larger air-gap length to increase the reluctance. 

Example 6.5 

What will be the number of poles of a 3-phase, 50 Hz synchronous generator running at a speed of 
187.5 rpm. Which type of prime mover would you suggest for this machine? 
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Solution: 


Frequency,/= 50 Hz 

Speed, = 187-5 rpm 

P= 120/ ^ 120 X 50 
Nc 187 • 5 


: 32 (Ans.) 


Since the speed of the synchronous generator is very low the prime-mover would be a water turbine 
{hydraulic-turbine). For such a large number of poles the machine would be a salient-pole type. 

Example 6.6 

The armature coils of a 3-phase, 4-pole, 24-slot alternator are short pitched by one slot. Determine 
(i) distribution factor and (ii) pitch factor. 


Solution: 


No. of phases = 3; No. of poles, P = 4 


No. of slots = 24; No. of slots per pole = = 6 


Slot pitch, a 


No. of slots/pole 


= 30° elect. 


No. of slots/pole/phase, m = -— - = 2 

4 X ,3 

sin'f^ sin 2^ 

.'. Distribution factor, K, = - — = - = 0'9659 (Ans.) 

“ a o • 30 

msmy 2sm — 

Angle by which the coil is short pitched, P = a = 30° 

B 30° 

Pitch factor or coil span factor, = cos ^ = cos = 0’9659 (Ans.) 

Example 6.7 

Determine the distribution and coil span factor of a 4-pole, 3-phase alternator having 36-slots 
which carries a short-pitched winding with a span of 8 slots. 


Solution: 


No. of poles, P = 4; No. of slots = 36 
No. of phases = 3; Coil span = 8 slots (short pitch winding) 


Slot pitch, a 


180° X 4 


No. of slots/pole 


No. of slots/pole/phase, m = -—- = 3 

4" X 3 


Distribution factor, K, 


sin^ sin 3^20 

2 _ 2 


msin® 


o • 20 

3sin- 


: 0-9598 (Ans.) 
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Coil span for full pitch winding = . —-— = —r = 9 

^ ^ ^ No. of poles 4 

No. of slots by which the coil is short pitched = 9-8=1 

Angle by which the coil is short pitched = 1 x a = 20° 

Pitch factor, = cos ^ = cos ^ = 0-9848 {Ans.) 


Example 6.8 

A 3-phase, 20-pole, 50Hz alternator has single-layer winding with full-pitch coils. The coils are 
connected in 60° phase group and each coil is having six turns. If the flux per pole is 0.025 Wb, 
determine the rms value of emf induced per phase. 


Solution: 


No. of poles, P = 20; 
No. of slots = 180; 
No. of turns/coil = 6; 

Winding is single layer, full-pitched, thee-phase 


Frequency,/= 50 Hz 
Flux per pole, tj) = 0-025 Wb 
Coil span factor, K^= \ (full-pitch winding) 


No. of slots/pole/phase, m 
Slot pitch, a 

Distribution factor, 


No. of turns per phase. 

'^ph 

Induced em//phase, 

^ph 


180 

20x3 


= 3 


180° 


180° X 20 


No. of slots/pole 


180 


= 20° (elect.) 


ma 


3x20 


■a o • 20 

m sm — 3 sin — 

2 2 


180x6 


= 360 


= 0 • 9598 


4-44 X 1 X 0-9598 x 0-025 x 50 x 360 = 1917-7 V {Ans) 


Example 6.9 

Calculate the no-load terminal voltage of a 3-phase, 8-pole, star connected alternator running at 
750 rpm having following data: 

Sinusoidally distributed flux per pole = 55 m Wb 

Total No. of armature slots = 72 

Number of conductors/slot = 10 

Distribution factor = 0-96 


Assume full pitch windings. 
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Solution: 


No. of poles, F = 8; Speed, = 750 rpm 

Flux, (l> = 55x 10-3 Wb; No. of slots = 72 

No. of conductors/slot = 10; Distribution factor, = 0-96 

For full pitch winding. 

Coil span factor, K= 1 

Distribution factor is given, therefore, it is not to be calculated 
No. of turns/phase, 7^^ = = 120 

Supply frequency,/= ^ = 50 Hz 


No. of slots = 72 


Emf induced per phase. 


P = A-AAK KJcbT . 

ph c d-' ' pn 

= 444 X 1 X 0-96 X 50 X 55 X 10-3 x 120 = 1406-6 V 


Since the alternator is star connected; 

No-load terminal voltage, £, = Vs E = \/3 X 1406 • 6 = 2436'3 V (Ans.) 


Example 6.10 

Calculate the voltage per phase for a 3-phase 1500 rpm, 4-pole alternator having a double layer 
winding with 16 turns per coil. The slots per pole per phase are 8 and the coil span is 20 slots. The 
phase spread is 60° and the flux per pole is 25-8 x 70-3 

Solution: 

No. of poles, 7 = 4 

Speed, = 1500 rpm 
No. of slots/pole/phase, m = 8 

Coil span = 20 slots 
Flux per pole, cj) = 25-8 x 10-3 Wb 

Pole pitch = No. of slots/pole = mx No. of phases = 8 x 3 = 24 
No. of slots by which coil is short pitched = pole pitch - coil span = 24 - 20 = 4 slots 


Slot pitch, a 

Angle by which the coil is short pitched. 


No. of slots/pole 24 


= 7-5° elect. 


P = 4 X a = 4 X 7-5 = 30° 

Coil span factor, = cos ^ = cos ^ = 0 • 9659 
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Distribution factor, = 


sm 


ma 


msm 


a 


sin 


8x7-5 

2 



0-5 
0•5232 


0•9556 


e , f r PNs 1 X 1500 i-n TT 

Supply frequency,/= — = = 50 Hz 

For double layer winding: 

No. of conductors/slot = 16 + 16 = 32 (double layer) 

., ^ No. of slots/phase x 32 

No. of turns/phase, 7^^ = -- 

m X No. of poles x 32 _ g X 4 X 32 _ 

2 ~ 2 ~ 

Emf induced per phase: = 4-44 (/> F ^ 

= 4-44 X 0-9659 x 0-9556 x 50 x 25-8 x 10-^ x 512 
= 2706-77 V (Ans.) 


Example 6.11 

What will be the rms value of emf induced per phase in 3-phase, 6-pole, star-connected alternator 
having a stator with 90 slots and 8 conductors per slot? The flux per pole is 4x10^^ Wb and it runs 
at a speed of 1000 rpm. Assume full-pitched coils and sinusoidal flux distribution. 


Solution: 


No. of poles, P 
No. of slots 
Speed, 
Coil span factor, 

No. of turns/phase, 7^^ 
No. of slots/pole/phase, m 
Slot pitch, a 

Distribution factor, 


6; No. of phases = 3 (star connected) 

90; No. of conductors/slot = 8 
1000 rpm Flux per pole, ^ = 4 x 10“^ Wb 
1 (coil is full pitched) 


90x8 

2x3 

90 


= 120 


6x3 


= 5 


180° 


180° X 6 


No. of slots/pole 


90 


= 12° (elect.) 


sm 


ma 


sm 


5 X 12 


msiuy 5sin^ 


= 0 - 9567 


Generated em/7phase. 


Frequency,/ = 


^ph ~ 


= 50 Hz 


PNs ^ 6 X 1000 
120 120 

4-44 X 1 X 0-9567 x 4 x 10-^ x 50 x 120 


1019-4 V {Ans.) 
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Terminal voltage at no-load = V3 X ^ph (star connections) 

= Vs X 1019 • 4 = 1765-7 V {Ans.) 


Example 6.12 

Determine the useful flux per pole required to develop 6600 V across the terminals of a 3-phase, 
star connected, 50 Hz, 4-pole alternator having 60 slots with 2 conductors per slot. The coils are 
short pitched such that if one coil side lies in slot No.l and the other lies in slot No. 13. Assume a 
double-layer winding. 

Solution: 


Number of poles, P ■ 
No. of slots : 
Terminal voltage, ■ 

Pole pitch : 
Coil pitch : 

No. of slots by which coil is short pitched : 

Slot pitch, a = 

Angle by which coil is short pitched. 

Coil span factor, ■ 
No. of slots/pole/phase, m ■ 

Distribution factor, ■ 

No. of turns/phase : 


4; Frequency,/= 50 Hz 

60; No. of conductors/slot = 2 

6600 V 

No. of slots 60 1 c w 

No. of poles 4 

13 - 1 = 12 slots 

: 15- 12 = 3 

180° 


No. of slots/pole 


180° 

15 


= 20° elect. 


3xa = 3xl2 = 36° elect. 
B 36° 

cos^ = cos^ = 0-951 


60 

4x3 


= 5 


sin ^ 41 ^ 
_ 2 _ 2 


msin® 5sin^ 


0-5 
0•5226 


= 0 • 9567 


60 X 2 
2x3 


= 20 


Now, 


Induced em//phase, = 

^ph ~ 
<!> = 


^ = 3810 -5 V 

V3 V3 

4-44KKJtl>T, 

Eph 


4-44K^K,fr^, 

3810-5 


4 - 44 X 0 - 951 X 0 - 9567 x 50 x 20 

0-9433 Wb (Ans.) 


.'. Useful flux/pole. 
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Example 6.13 

A three-phase, 16 pole, 50 Hz star connected alternator has 144 slots and 10 conductors per slot. 
The flux per pole is 2-48 x 10^^ weber sinusoidally distributed. The coil pitch is 2 slots short of full 
pitch. Find (i) speed (ii) line emf 

Solution: 

No. of poles, P 
No. of slots 
No. of conductors/slot 
Coil is short pitched by 2 slots 

Synchronous speed, 

Slot pitch, a 

Angle by which the coil is short pitched, 

P 

Coil span factor, 

No. of slots/pole/phase, m 

Distribution factor, 

No. of turns/phase, 7^^ 

Generated em//phase, 

Line voltage, 

Example 6.14 

A 10 MVA, 11 kV, 50 Hz, three-phase, star-connected alternator is driven at 300 rev/min. The stator 
winding is housed in 360 slots and has 6 conductors per slot. The coils spanning five-sixth of a pole 
pitch. Calculate: 

(i) The sinusoidally distributed flux/pole required to give a line voltage of 11 kV on open circuit; 
and 

(ii) the full load current per conductor. 

Solution: 

Rated output = 10 MVA = 10 x 10® VA 
Line voltage, E^= llkV=llx 10^ V 


16; Frequency,/= 50 Hz 

144; Flux/pole, (j) = 2-48 x 10-^ Wb 

10 (3-phase, star connected) 


120/ _ 120 x 50 
P “ 16 

180° ^ 
No. of slots/pole 


= 375 rpm (Ans.) 
180°x16 


144 


= 20° (elect.) 


2 X oc = 2 X 20° = 40° 

P 40° n ocim 
cos^ = cos—— = 0 • 9397 
2 2 


144 
16 X 3 


= 3 


sin^ sin 


■a o • 20 

msin— 3 sin — 


= 0 • 9598 


144 X 10 


= 240 


2x3 
4A4KKJ<PT^, 

4-44 X 0-9397 x 9598 x 2-58 x 10 ^ x 50 x 240 
1191-75 V 

= V3 x 1191 - 75 = 2064-2 V (Ans.) 



Speed, 
No. of slots 


Coil pitch 

Angle by which coil is short pitched, P 
Coil span factor, 

No. of poles, P 

No. of slots/pole/phase, m 
Slot pitch, a 

Distribution factor, 

No. of turns/phase, 7^^ 
Induced, em//phase, 

Now, E , 

’ pn 

Flux/pole, cj) 


Full load current/conductor, I - 

Example 6.15 

The armature of a 6600 volt, three-phase 
slots. The flux per pole is 80 m Wb and th 
conductors in series per phase. 


Solution: 


Line voltage, ■ 
Speed, • 
Coil span ^ 


Frequency,/ 
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6600 V; No. of poles, P = 20 

300 rpm; No. of slot = 180 

160° elect.; Flux per pole, / = 80 x 10“^ Wb 

PNs ^ 20 X 300 
120 120 


= 50 Hz 
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Angle by which coil is short pitched, P 
Coil span factor, 
No. of slots/pole/phase, m 
Slot pitch, a 

Distribution factor, 


Induced eiw/'per phase, 
Now, E , 

’ pn 

No. of turns/phase, 7^^ 


180 - 160 = 20° elect. 


cos^ = cos^ = 0-9848 
2 2 


180 

20x3 


= 3 


180° 


180° X 20 


No. of slots/pole 


180 


= 20° elect. 


ma 


3x20 


■a o • 20 

msin— 3 sin — 


0-5 
0•5209 


= 0 • 9598 


L ^ 66m ^ 38J0.5 V 

V3 V3 
4-44KKJ,l>T^ 

^ph 


4 ■ 44K^KJ^ 


_ 3810-5 _ 

4 - 44 X 0 - 9548 x 0 - 9598 x 50 x 80 x 10“^ 


= 227 


No. of conductors in series per phase, = 2 7^^ = 2 x 227 = 454 {Ans.) 


Section Practice Problems 


Numerical Problems 

1. Calculate the coll span factor or the pitch factor for the following windings: 

(a) 54 stator slots, six-poles, when coll spans 1 to 8. 

{b) 42 stator slots, four-poles, coll spans 1 to 10. 

(c) 96 stator slots, six-poles, coll spans 1 to 13. (Ans. 0.94; 0.925; 0.925) 

2. Find the breadth factor for 3-ij> winding with 2 slots per pole per phase. (Ans. 0.96) 

3. A star connected, three-phase 4 pole, 50 Hz alternator has a single layer winding In 24 stator slots. There 
are 50 turns In each coll and the flux per pole Is 5 mega lines. Find the open circuit line voltage. 

(Ans. 3715 V) 

4. The field system of a 50 Hz alternator has sinusoidal flux per pole of 0.075 Wb. Find emf generated In one 

turn of the machine If the winding has a span of 150° (Electrical). (Ans. 16 V) 

5. The air gap flux of a 12 pole, alternator Is 0.058 weber per pole and Is distributed sinusoidally over the 

pole. The stator has 2slots per pole per phase and 8 conductors per slot. The winding Is a double layer 
winding with a coll span of 135° electrical apart. Find the voltage generated per phase at no-load when 
the machine runs at 500 rpm. (Ans. 1175 V) 
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Short Answer Type Questions 

Q.1. Why large synchronous machines are three-phase wound? 

Ans. Larger /ICmachines are always 3-phase wound machines because of their high efficiency and economy. 

Q.2. What is the relation between electrical and mechanical angle of an electrical machine. 

p 

Ans. Electrical angle = ^ x mechanical angle 

Q.3. Define coil pitch or coil span. 

Ans. The distance between tbe two active sides of the same coil is called coil span, It may be described in 
number of slots or electrical angle. 

Q.4. What do you mean by phase spread? 

Ans. Phase spread: The angle or space in which coil-sides of the same phase are spread is called phase 
spread. It is represented either as number of slots or electrical angle. In 3-phase machines; 

Phase spread = No. of slots/pole/phase = 60° elect. 


Q.5. Define distribution factor. 

Ans. Distribution factor. The ratio of induced emf in the coil group when the winding is distributed in number 
of slots to tbe induced emfin the same coil group when the winding is concentrated in one slot is called 
distribution factor or breadth factor. 


sin 


ma 


Distribution factor, /C 


msin 


where, m is the phase spread = No. of slots/pole/phase and 

180° 


a is the slot pitch = 


No. of slots/pole 


6.19 Production of Revolving Field 

(Physical/Graphical aspect) 

A resultant magnetic field having constant magnitude and fixed polarity changes its position 
continuously in space is called a revolving field. 

For simplicity, consider the stator of a two-pole synchronous machine or of an induction motor having 
three-phase winding represented by the concentric coils a-a', b-b' and c-c' respectively as shown in 
Fig. 6.32 (a). 

Let 3-phase currents having wave diagram as shown in Fig. 6.31(a) flows through the stator 
winding. Current of phase-1 flows through coil a-a', current of phase-2 flows through coil b-b' and 
current of phase-3 flows through coil c-c' respectively. When three-phase currents flow through the 
three-phase winding, they produce their own magnetic fields (j)^, (j)^ and The phasor diagram of 
the fields is shown in Fig. 6.31(b). The positive half cycle of the alternating current is considered as 
inward flow of current [cross in a circle ©] and negative half cycle as outward flow of current [dot 
in a circle O]. It is marked in the start terminals (a, b and c) of the three coils. The direction of flow 
of current is opposite in the finish terminals of the same coil. 
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(a) Wave diagram (b) Phaser diagram 

Fig. 6.31 Three-phase emfs 


The three fields are given by the equation; 

^1 “ ® [where 0 = rot] 

«l2 = ?S^sin [0-120°] 

= [0-240°] 

At an instant fj when 0 = 0, the flow of current in the start terminals of the three coils, a, b and 
c is zero, negative and positive (i.e., zero, outward and inward) respectively whereas, in the finish 
terminals it is opposite to that of the start terminals as shown in Fig. 6.32(a). The resultant field 
produced by the stator winding and its direction is shown in Fig. 6.32(a). 



(a) (b) 

Fig. 6.32 Position of resuitant fieid at instant‘t^’ 


At this instant angle 0 is zero, therefore, 

A = K sin 6 = sin 0° = 0 

^^2 = «^„sin(0°-120°)=-^,^^ 
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«^3 = ^^sin(0°-240°)= 

The field is zero and the remaining fields and ^3 are shown vectorially in Fig. 6.32(fc). Field 
(j)^ is shown in opposite direction having magnitude 0^ . The resultant field 0„ is the vector sum 


of 0 p 02 and 03 i.e., 


02J = ^02 + 03 + 20203 ^0° 



4 = 1-5 t. 


s. 


+ 2 




y 


V 


4 


At another instant t^, where 0 = 90°, the direction of flow of current in coil-side a is inward and 
in b and c is outward. Whereas, the flow of current in the other sides of the coils is opposite, i.e., 
in a' it is outward and in b' and c' it is inward as shown in Fig. 6.33(a). The resultant field and its 
direction at this instant is shown in Fig. 6.33(fl). The resultant field is rotated in anti-clockwise 
direction (i.e., the direction in which the supply sequence is applied to the winding, here the supply 1 , 
2, 3 is given to the coils a, b and c respectively) through an angle 0 = 90° from its previous position. 



<l>m 


‘l>m (<t>3) 

(a) (b) 

Fig. 6.33 Position of resuitant fieid at instant ‘tj’ 

At this instant, angle 6 is 90°, therefore, 

01 = K sin 90° = 0„ 

02 = 0„ sin (90°-120°) = -0-5 0^ 

03 = 0^ sin (90°-240°) = -0-5 0„ 

The three fields, 0j, 02 and 03 are shown vectorially in Fig. 6.33(b). Fields 02 and 03 are shown in 
opposite direction each having a magnitude of 0-5 0^. The resultant field 0^ is the vector sum of 0j, 
02 and 03 . Resolving the fields along the axis of field 0j. 

02J = 01 -H 02 cos 60° + 03 cos 60° 
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or <I>R = <l>m + 0-5 K ^ 0-5 + 0-5 K ^ 

or 4 = 1-5 (j)^ 

At some other instant where 9 = 270° the direction of flow of current in start terminals of the 
three coils a, b and c is outward, inward and inward respectively, whereas in the finish terminals it 
is opposite to that of the start terminals as shown in Fig. 6.34(fl). The resultant field and its direction 
at this instant is shown in Fig. 6.34(a). The resultant field is rotated in anti-clockwise direction 
through an angle 0 = 270° from its first position. 




e = 90° 

(a) (b) 

Fig. 6.34 Position of resuitant fieid at instant ‘tj’ 


At this instant, angle 0 is 270°, therefore, 

<j>i = sin 270° = -(j)^ 

<l >2 = sin (270° - 120°) = 0-5 

«^3 = ?S^sin(270-240°) = 0-5?i^ 

The three fields, (j>^, (j)^ and ^3 are shown vectorially in Fig. 6.34(b). Field is shown in opposite 
direction. The resultant field is the vector sum of (j)^, ^3 and ^ 3 . Resolving the fields along the 
axis of field (j)y 

= ^1 + ^2 ‘^ns 60° + ^3 cos 60° 

or ^R = <t>m + 0-5 <t>m ^ 0-5 + 0-5 <t>^ x 0-5 

or 4 = 1-5 (j)^ 

Hence, in one cycle the resultant field rotates through one revolution. It may also he seen that when 
supply from three phases 1, 2 and 3 is given to coils a-a', b-b' and c-c' respectively, an anticlockwise 
rotating field is produced. If supply to the coils a- a', b-b' and c - c' is given from phase 1, 3 and 
2 respectively, the direction of rotation of the resultant field is reversed. 

Thus, to reverse the direction of rotation of rotating magnetic field, the connections of any two 
supply terminals are interchanged. 
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Conclusion 

Hence, it is concluded that when a three-phase supply is given to a three-phase wound stator of an 
induction motor or synchronous motor, resultant field of magnitude 1-5 is produced which 
rotates in space at a constant speed called synchronous speed = 120//P). The direction of rotation 
of the resultant field depends upon the sequence in which supply in given to the stator winding. 


6.20 Ferrari’s Principle (Vector Representation of Alternating Field) 

An alternating field can be represented by two vectors revolving in opposite directions at constant 
speed of ro radians per second. It can be well explained with the help of Ferrari’s principle. 

Ferrari’s principle states that a single alternating magnetic field is the resultant of two fields, 
each of half the magnitude of alternating field, rotating in opposite direction at fixed speed, called 
synchronous speed. 

Consider a field having two components 1 and 2 each of magnitude (j)J2, which are rotating 
in oppose direction at a constant angular speed of ro radians/sec. 



Fig. 6.35 Two-vectors revolving in opposite direction and its wave diagram 

Let at start, the two components are vertically upwards i.e., along the vertical axis and the resultant 
field is When ro = 90°, the resultant field is zero as shown in Fig. 6.35(h), whereas when cj) = 
180° the resultant field is -S and so on. 

' m 

To determine the value of resultant field at any instant (say after t seconds), the two components 
make an angle (j) = cot with the reference (vertical) axis 
Then, the resultant field at that instant, 

or 4 = (j>^ cos 0 

which is an alternating field. 
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Hence, an alternating field can be represented by two components of field having half the magnitude 
rotating in opposite direction at a constant speed, called synchronous speed. 

According to Ferrari’s Principle, an alternating field produced by each phase (coil) can be 
represented by two components of field each having half the magnitude rotating in opposite direction 
at a constant speed, called synchronous speed. 



(a) (b) (c) (d) 

Fig. 6.36 Position of the components of the fieids at various instants 


Considering a coil a-a' having an axis OA. When an alternating supply is given to the coil, an 
alternating field is produced by the coil as shown in Fig. 6.36(a). At an instant fj, the two components 
of the field 1 and 2 each of magnitude <I)J2 rotating in opposite direction are represented along the 
axis of the coil as shown in Fig. 6.36(fo). At an instant the two components of the field are rotated 
through 90° and their position is shown in Fig. 6.36(c). Similarly at an instant the position of the 
two components is shown in Fig. 6.36(d). 

6.21 Production of Two-phase Rotating Magnetic Field 

Considering two coils a-a' and b-b' having axis OA and OB respectively displaced from each other 
by 90° as shown in Fig. 6.31(b). When two-phase AC supply is given to these coils, each one of them 
produces alternating field (flux) as shown in Fig. 6.37(a). Considering an instant fj, flux produced 
by coil a-a' is + therefore the component 1 and 2 each of value ^^/2 are along the axis of coil 
a-a' i.e., OA, as shown in Fig. 6.31(b). 

The flux produced by the coil b-b' is zero at this instant and will become ■¥ (j)^ after a rotation 
of 90°. Accordingly the position of component 3 and 4 each equal to ^^/2 is shown in Fig. 6.31(b). 

At this instant, the component 2 and 4 are equal and opposite and rotating in opposite direction, 
thus neutralising each other. The resultant component is the sum of 1 and 3 equal rotating in 
anticlockwise direction i.e., the direction of the supply sequence. 

Thus, it is concluded that when 2-phase supply is applied (or current flows) to a 2-phase wound 
stator, resultant field of magnitude is set-up which rotates in space at a synchronous speed in the 
direction of supply sequence. 
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(a) Wave diagram (b) Vectors position 

Fig. 6.37 Position of the components of the fieids at instant t^ 


6.22 Production of Three-phase Rotating Magnetic Field 

Considering three coils a-a',b-b' and c-c' having axis OA, OB and OC respectively as shown in 
Fig. 6.38(b). When three phase supply is given to these three coils, each of them produces alternating 
field (flux) as shown in Fig. 6.38(a). Considering an instant tj, flux produced by coil a - a' is + (f)^, 
therefore the components 1 and 2 each of value ^J2 are long the axis of coil a- a' i.e., OA. 


a - a' 



(a) Wave diagram (b) Vector's position at instant t., 

Fig. 6.38 Resultant magnetic field 

The flux produced by coil b -b' will become positive maximum (+(j)^ after an angular rotation 
of 120 electrical degrees. Therefore, one of the component (3) of the field produced by this coil, 
rotating in anticlockwise direction, at this instant is along the axis of a - a' i.e., OA. Whereas, the 
other component (4), rotating in clockwise direction is along the axis of coil c-c' i.e., OC. 

The flux produced by the coil c-c' will become positive maximum (+^„) after an angular rotation 
of 240 electrical degrees. Therefore, one of the component (5), rotating in anticlockwise direction, 
at this instant is along the axis of coil a- a' i.e., OA. Whereas, the other component (6), rotating in 
clockwise direction is along the axis of coil b-b' i.e., OB. 

The resultant of the three components 2, 4 and 6, which are rotating in clockwise direction and 
displaced by an angle of 120 electrical degrees is zero. The resultant of the remaining three components 
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1, 3 and 5 is 1-5 which is rotating in anticlockwise direction. It is the direction in which the supply 
is given to the three phases (coils) of the machine. 

Conclusion 

Hence, it is concluded that when a three-phase supply is given to the stator of a three-phase wound 
machine, a resultant field of magnitude 1 • 5 is produced which rotates in space at a constant speed, 
called synchronous speed. The direction of rotating of the resultant field depends upon the sequence 
in which supply is given to the three phases (or coils). 


6.23 Rating of Alternators 

The rating of all the power apparatus whether mechanical (steam or IC engines) or electrical (electrical 
machines) depends upon the power which they can handle safely and efficiently under some specific 
conditions. 

Electrical machines or apparatus are usually rated as per the load they can carry without overheating 
and damaging the insulation. The rating of electrical machines is governed by the temperature rise 
caused by the internal losses of the machine. The copper loss {fiR), in the armature depends upon 
the magnitude of current passing through the armature conductors and core loss depends upon the 
operating voltage. Both these losses are independent of the power factor. 

The power in kW is proportional to the power factor of the load which may be different for different 
loads. For instant, let the rating of an alternator be 1000 kVA, at full-load it will be in position to 
deliver 400, 600,800 and 1000 kW at power factor 0.4, 0.6, 0.8 and 1.0 respectively. At these loads, 
current supplied by the alternator will be the same and the losses will also remain the same. 

The above explanation clearly shows that the rating of an alternator depends upon, the maximum 
current it can deliver without overheating and the voltage for which it is designed. The pf of the load 
is not considered to give its rating. 

Hence, alternators are rated in kVA and not in kW. 

The electrical machines and apparatus which themselves work as a load like induction motors, 
ovens, heaters, refrigerators, air-conditioners, etc., are rated in kW. But the machines which are 
supplying or transferring electric power like alternators, transformers etc., are rated in kVA. 


6.24 Armature Resistance 


The resistance per phase is armature resistance of an alternator. The resistance of a winding, depending 


upon resistivity of winding material, length and area of cross-section 


R = p^ 
a 


is called DC 


resistance of the winding. The actual or AC resistance in nearly 1-25 to 1-75 times the DC resistance. 
This is because of unequal distribution of alternating current (Skin effect) over the cross-section of 
the conductor. Voltage drop (IK) occurs in the winding because of this resistance which is in-phase 
with the current phasor. However, the value of this resistance is very small as compared to synchronous 
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reactance of the machine, which is why, many times, its voltage drop effect is neglected. Heavy 
copper losses occur in the machine because of armature resistance. 


6.25 Armature Leakage Reactance 

When current flows through the armature conductors, local fluxes are set at various places. The flux 
which links with the armature winding but not with rotor field winding is called leakage flux. The 
leakage flux may be divided into the following three components: 

(/) Slot leakage flux: The flux which links or surrounds the armature conductors embedded in 
the iron or placed in the slots but does not passes through the air gap is called the slots leakage 
flux as shown in Fig. 6.39. 

(ii) Air gap leakage flux: The flux which surrounds the armature conductors and passes through 
the air gap (i.e., the flux which crosses from tooth to tooth in the air gap) as shown in Fig. 6.39 
is called air gap leakage flux. 

(Hi) End-connection leakage flux: The flux which links with only the end-connections of the 
armature winding is called end-connection leakage flux. It is also called as an over hang leakage 
flux. 



Rotor 

Fig. 6.39 Leakage Fluxes 


The total leakage flux which links with the armature winding (conductors) gives rise to inductance. 
The magnitude of the inductance is given as 

L = ^ henry 

where cj) is the leakage flux in weber, N is the number of turns and I is the armature current. This 
inductance L, when multiplied by ro gives the leakage reactance X^. Hence, 

= (S)L = InfL ohm 

A voltage drop (IXf) occurs in the winding because of this reactance. This voltage drop is in 
quadrature to the current vector. 

According, E = V -k-lz = V -yl(R -t- jX^f) 
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6.26 Armature Reaction 

At no-load, the only field (mmf) acting in the synchronous machine (alternator) is the main field ‘F^ 
produced by the exciting winding. When load is connected to the alternator, current flows through 
the armature conductors and produces a field {mmf) called armature field F^. This field affects the 
main magnetic field F^. 

Thus, the effect of the armature field on the main magnetic field is known as armature reaction. 
The current flowing through the armature conductors depends upon the power factor of the load. 
Therefore, the armature reaction will be studied at three extreme conditions of the p.f, i.e., unity, 
zero lagging and zero leading. 


At Unity Power Factor 

Consider a two pole alternator with the poles rotating in anticlockwise direction. The three phases 
are represented by concentric coils a-a', b-b' and c-c' which are displaced by 120° electrical from 
each other. Where a, b and c are the start terminals and a', b' and c' are the finish terminals. 

At an instant tp depending upon the position of the poles, direction of induced emfs in three coils 
is shown in Fig. 6.40(a) and their wave diagrams are shown in Fig. 6.40(c) (i.e., and v^^,). 



(a) EMF induced in the 
armature conductor 
due to rotation of fieid 


(b) Armature fieid produced 
due to current carrying 
armature conductors. 



O 


(c) Wave diagram of (d) Vector position of 
induced emf and main mmf and 

armature current armature mmf 


Fig. 6.40 Armature reaction at unity of power factor 


The position of the main magnetic field F^ produced by the exciting field coils is shown in Fig. 
6.40(a) as well as Fig. 6.40 (b). When a load of unity power factor is connected to the alternator, 
current flows through the coils which is in phase with the induced emf as shown in Fig. 6.40(A) 
and their wave diagrams are shown in Fig. 6.40 (c) (i.e., i^^,, and i^f). A resultant armature field 
F^ is produced by the current carrying armature conductors of magnitude 1-5 (where is the 
maximum value of flux produced by the current flowing through each phase) in the direction as 
shown in Fig. 6.40(A). The two fields mmfs. are shown vectorially in Fig. 6A0{d). The armature field 
F^ is perpendicular of the main magnetic field F^ and produces cross-magnetising effect. It is also 
clear from the position of the two fields that armature field lags behind the main magnetic field 
Fm by 90° causing the same effect as it is being caused by a pure inductance. 

Thus, for a non-inductive load (at unit p.f) the effect of armature reaction is cross-magnetising 
i.e., it distorts the main field. 
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At Zero Power Factor Lagging 

At an instant, t^, depending upon the position of the poles, direction of induced emfs in three coils is 
shown in Fig. 6.41(a). For simplicity, the wave diagram of induced emf 'm coil a - a' is only shown in 
Fig. 6.41(c). At this instant, induced emf in coil-side ‘a’ is zero and becoming negative. The position of 
main magnetic field produced by the exciting field coils is shown in Fig. 6.41(a) as well as Fig. 6.41(^). 



(a) EMF induced in the 
armature conductors 
due to rotation of fieid 


(b) Armature fieid produced 
due to current carrying 
armature conductors. 


(c) Wave diagram of 
induced emf and 
armature current 


(d) Vector position of 
main mmf and 
armature mmf 


Fig. 6.41 Armature reaction at zero lagging power factor 


When a pure inductive load at zero p.f. lagging is connected to the alternator, currents will flow 
through the coils, which lag behind their respective induced emfs by 90° electrical. The wave diagram 
for the phase representing coil aa' is shown in Fig. 6.41(c). 

Accordingly, the direction of flow of current in various coil is shown in Fig. 6.41(A). A resultant 
armature field of magnitude 1-5 is produced by the current carrying armature conductors in 
the direction as shown in Fig. 6.41(A). The two fields (mmfs.) are shown vectorially in Fig. 6.41(pf). 
The armature field F^ acts in opposite direction to that of main magnetic field and produces 
demagnetising effect. It is also clear from the position of the two fields that armature field F^ lags 
behind the main magnetic field F^ by 180° i.e., it lags by 90° because of a pure inductive load and 
90° because of armature reaction. 

Thus, with a pure inductive load (at zero p.f lagging) the effect of armature reaction is 
demagnetising i.e., it weakness the main field. 


At Zero Power Factor Leading 

At an instant ty depending upon the position of the poles, direction of induced emfs in the three coils 
is shown in Fig. 6.42(a). Only wave diagram of induced emf in coil a - a' is shown in Fig. 6.42(c). At 
this instant, induced emf in coilside ‘a’ is zero and becoming positive. The position of main magnetic 
field F^ produced by the exciting field coils is shown in Fig. 6.42(a) as well as 6.42(A). 

When a pure capacitive load at zero p.f. leading is connected to the alternator, currents will flow 
through the coils which leads their respective induced emfs by 90° electrical. The wave diagram for 
the phase representing coil a-a' is shown in Fig. 6.42(c). 

Accordingly, the direction of flow of current in various coils is shown in Fig. 6.42(A). A resultant 
armature field F^ of magnitude 1-5 is produced as shown in Fig. 6.42(A). The two fields (mmfs.) 
are shown vectorially in Fig. 6.42(d). The armature field F^ acts in the same direction as that of the 
main magnetic field F^ and produces magnetising effect. It is also clear from the position of the two 
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fields that the armature field is in phase with the main magnetic field F^. In fact, the armature 
field was to lead the main field by 90° due capacitive load but it falls back to its original position due 
to armature reaction. Hence, the armature field acts in phase with the main field. 



(a) EMF induced in the 
armature conductors 
due to rotation of fieid 


(b) Armature fieid produced 
due to current carrying 
armature conductors. 


(c) Wave diagram of 
induced emf and 
armature current 


(d) Vector position of 
main mmf and 
armature mmf 


Fig. 6.42 Armature reaction at zero leading power factor 


Thus, with a pure capacitive load (at zero p.f. leading) the effect of armature reaction is 
magnetising i.e., it strengthens the main field. 


Conclusion 

The above explanation reveals that 

1. The armature reaction flux = 1.5 is constant in magnitude and rotates at synchronous 
speed. 

2. When generator supplies a load at unity pf the armature reaction is cross-magnetising. 

3. When generator supplies a load at zero /r/lagging, the armature reaction in demagnetising. 

4. When generator supplies a load at zero /?/leading, the armature reaction is magnetising. 

5. In all the cases, if the armature-reaction flux is assumed to act independently of the main field 
flux, it induces voltage in each phase which lags the respective phase current by 90°. Hence 
armature reaction causes an armature reactance drop. 


6.27 Effect of Armature Reaction on emf of Alternator 

To see the effect of armature reaction on the enr/'induced in the alternator. 

Let, Eq = em/induced per phase by the main field (flux) at no-load. 

= em/induced per phase by the armature field (flux). 

E = Net em/induced per phase i.e., resultant of and E^. 

E = Eq+E^ 

When the armature is at no-load, no current flows through the armature. Thus the armature field 
is zero. The main field E^ (or ^^) will induce an emf Eq which lags behind by 90° as shown in 
6.43. Therefore, net induced emfE = £q. 
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When a non inductive load is connected to the alternator, current (/) flows through the armature 
conductors which is in phase with and produces an armature field or (j)^ which lags behind the 
main field by 90°. An emfE^ is induced by this field which lags behind the armature field by 90° as 
shown in Fig. 6.44. Thus a resultant emfE is obtained across the armature. (Z? = Zsq + 


E 



Fig. 6.43 Phaser diagram at no-load Fig. 6.44 Phaser diagram for unity p.f. 

When a pure inductive load is connected to the alternator, a current (Z) flows through the armature 
conductors which lags behind E^ by 90°. This current produces armature field which further 
induces an emfE^ in the armature lagging behind by 90° as shown in Fig. 6.45. Thus a resultant 
emf(E = Eq- EJ is obtained across the armature. 

When a pure capacitive load is connected to the alternator, a current (Z) flows through the armature 
conductors which leads the emf E^ by 90°. This current produces armature field which further 
induces emfE^ in the armature lagging behind by 90° but in phase with E^ as shown in Fig. 6.46. 
Thus, a resultant emf(E = Eq + EJ is obtained across the armature. 



Fig. 6.45 Phasor diagram for zero lagging pf Fig. 6.46 Phasor diagram for zero loading 

Conclusion 

From the above discussion, it is concluded that E^ is always in phase quadrature with the load current 
Z and proportional to it. It, therefore, resembles with the em/induced in an inductive reactance so that 
the effect of armature reaction is exactly as if the stator winding has a reactance = EJI. Whereas 
X is termed as armature reaction reactance. 

a 
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Thus, an armature reaction produces a reactance effect in the armature winding called armature 
reaction reactance. 


6.28 Synchronous Reactance and Synchronous Impedance 

Synchronous reactance: It is fictitious reactance which has the effect equivalent to the combined 
effects of both the leakage reactance and armature reaction reactance. It is represented by X^. 

X =X,+X 

s L a 

Synchronous impedance: The vector sum of armature resistance and synchronous reactance is 
known as Synchronous impedance. 

It is generally represented by Z^. 

Zs = R + Xs = R + jXg 



6.29 Equivalent Circuit of an Alternator and Phasor Diagram 

The equivalent circuit of an alternator is shown in Fig. 6.47(a). Where, 

R = Armature resistance, 

X^ = Leakage reactance, 

X = Armature reaction reactance, 

I = Load current 

Eq = Induced emf in the armature (voltage at no-load) and 
V = Terminal voltage 

(Note: All quantities are phase values in case of three-phase machines.) 
i.e., = A, H- A 

and Zg is the synchronous impedance. 

i.e., Zg = R -V jX^ or Zg= ^R?' -I- A^ 

The simplified equivalent circuit is shown in Fig. 6.47(h), where A^ is the synchronous reactance. 
From circuit diagram: 

Eo=V + TZ, 

Phasor Diagram: From the simplified equivalent circuit shown in Fig. 6.47(h), phasor diagram 
of an alternator can be drawn. The phasor diagram depends upon the type of load. The load may be 
non-inductive, inductive or capacitive. 
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(a) Equivalent circuit (b) Simplified equivalent circuit 

Fig. 6.47 Equivalent circuit for alternator 


The phasor diagram for non-inductive, inductive and capacitive load are shown in Fig. 6.48(a), {b) 

and (c) respectively. While drawing phasor diagram, following steps are followed: 

(0 Terminal voltage V is taken as the reference vector. 

(ii) Load current I is drawn in phase with voltage vector V for non-inductive load. For inductive 
load, it is drawn so that it lags behind the voltage vector by an angle cf). Whereas for capacitive 
load it leads the voltage vector by an angle cf). Where (j) is the power factor angle. 

{Hi) Draw voltage drop vector IR parallel to current vector from point A. 

(iv) Draw voltage drop vector IX^ from point B perpendicular to vector AB since it is in quadrature 
to current vector. 

(v) Join point O and C, where OC is the emf which is induced due to the main field or the 
terminal voltage at no-load and is the vector sum of V, IR and IXy 




6.30 Expression for No-load Terminal Voltage 

To deduce an expression for no-load terminal voltage, complete the phasor diagrams for various 
loads as shown in Fig. 6.49. 

The no-load terminal voltage is the actual induced emf in the armature produced by the main 
magnetic field It is the vector sum of terminal voltage at load, drop in resistance and drop in 
synchronous reactance. From phasor diagram of alternator at different load conditions, we can deduce 
the expression for no-load terminal voltage. 

(i) For non-inductive load (unit p.f.): Considering Fig. 6.49(a), from the right angle triangle 
OBC, we get. 


6>C2 = OB^ + BC^ 
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or OC^ = (OA + ABf + (BCf 

or EQ^ = (V+IRf + (IXf 

or E, = ^{V I mf I {iX^f 

(ii) For inductive load (lagging p.f.): Considering Fig. 6A9{b), from the right angle triangle ODC, 
we get, 

OC^ = OD^ + DC^ 

or OC^ = (OE + EDf + (DB + BCf 

or 6»C2 = {OE + ABf + (EA + BCf 

or Eq = (V cos (j) + IRf + (V sin cj) + IX 

or = i/(y COS0 + mf + {Vsintj) + IX ^f 

Also in right angle triangle OEC, 

OCf = OF^ + FCf 

= {OA + AH + HF f + {GC - GFf 
= {OA +AH + BGf + {GC - BHf 
Eq = {V + IR cos (j) + IX^ sin ff + {IX^ cos (/>- IR sin ^f 

Eq = ^(y + IR cos 0 + IXg sin (pf + {IXg cos (j) - IR sin (pf 




(b) Phasor diagram for lagging pf 


D 



(b) Phasor diagram for ieading pf 


Fig. 6.49 Phasor diagram of different power factors 
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(Hi) For capacitive load (leading p.f.): Considering Fig. 6.49(c), from the right angle triangle ODC, 


we get, 



OC^ = OD^ + DC^ 

or 

OC^ = (OE + EDf + (DB - BCf 

or 

OC^ = (OE + AB)2 -h (EA - BC)^ 

or 

eI = (V cos (j) + IRf + (V sin cj) - /A/ 

or 

Eq - sj{Vcostp -\- IR^ -V (V sintj) - IX, 

Also in right angle triangle OEC, 


OC^ = OF^ + FC^ 

= (OA + AH- HF)^ + (GC + GF) 
= (OA + AH- + (GC + BH)^ 


Eq = (V + IR cos (j) - IXg sin0)^ + (IX^ cos cj) + IR sin cj))^ 

Eq = ^(V + IR cos (j) - IXg sintj))^ + (IXg costj) + IR sintj))^ 
Approximate expression for no-load terminal voltage (considering 5 to be very small) 

(i) Eor non-inductive load (unity pf) 

OC=OB = OA-yAB or E^=V-yIR 

(ii) Eor inductive load (lagging pf) 

OC=OF=OA-vAH + HF or E^= V-v IR cos (j)-v IX^sin (j) 
(Hi) Eor capacitive load (leading pf) 

OC=OF=OA-vAH — HF or E^= V-v IR cos (j)-IX^sin (j) 


6.31 Voltage Regulation 

We have seen that because of the voltage drop in the armature resistance and synchronous reactance, 
the terminal voltage of synchronous generator depends upon the load and its p.f 

The rise in terminal voltage when the given load is thrown off the excitation and speed remaining 
constant, is called the voltage regulation of a synchronous generator (alternator). 

If Eq = no-load terminal voltage and V = terminal voltage at a given load. 

E()-V 

Then voltage regulation = ^ — per unit 

En-V 

Percentage regulation, % Reg = ^ — X 100 

The voltage regulation is positive both at unit and lagging p.f because this causes rise in terminal 
voltage when the load is thrown off (removed). However, in case of leading p.f. the terminal voltage 
may fall when the load is thrown off. Therefore, at leading p.f. voltage regulation may be negative. 
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The voltage regulation may be zero, when load and its pf may be such that 
*IR cos (j) = IX^ sin cj) 

The voltage regulation of a synchronous generator is usually much high than that of power 
transformer because of large amount of voltage drop in synchronous reactance. 


6.32 Determination of Voltage Regulation 

To determine the voltage regulation of smooth cylindrical rotor type alternators, the following 
methods may be used: 

1. Direct load test 2. Indirect Method 

1. Direct load test: Direct load test is performed only on small alternators (say 5 kVA). In this 
case, the alternator is run at synchronous speed with the help of a prime-moves and its terminal 
voltage is adjusted to its rated value V and the load is varied until the ammeter and wattmeter 
indicate the rated values at given power factor. 

Then the load is removed keeping the speed and field excitation constant. At open circuit i.e., 
at no-load, the terminal voltage is recorded. Then voltage regulation is determined as under: 

En-V 

Percentage voltage regulation = ^ — X 100 

2. Indirect method: For large size alternator, indirect methods are used to determine voltage 
regulation. These methods are: 

(i) Synchronous impedance method or EMF method 

(ii) Ampere-turn method or MMF method 

iiii) Zero power factor method or Potier method. 


6.33 Synchronous Impedance Method or emf Method 

This method is based on the concept of replacing the effect of armature reaction by a fictitious 
reactance. 

For a synchronous generator 

V = Eq-TZ^ 

where = R+ jX^ 


* The approximate expression for at ieading pf is 

Eq = I/+/Rcos /XjSin 0 
Efj-V= //?cos 0- /Zjsin 0 
Voitage reguiation wiii be zero when Fq- l/= 0 
/f?cos /XjSin 0 = 0 

IR cos (j) - /ZjSin (j> 


or 



Synchronous Generators or Alternators 


553 


To determine synchronous impedance, open-circuit and short circuit tests are performed and to 
determine synchronous reactance, armature resistance is measured by ammeter-voltmeter method. 
By using these parameters, the regulation of the alternator can be determined at any load. 

6.33.1 Determination of Synchronous Impedance 

To determine the value of synchronous impedance of an alternator experimentally, the following two 
tests are performed on the machine: 

(i) Open circuit test {ii) Short circuit test. 

(/) Open circuit test: To perform open circuit test, the terminals of the alternator are kept open and 
is rotated by the prime-mover at synchronous speed. A DC supply is given to the field winding 
through a rheostat. A voltmeter is connected across the terminals of the alternator to measure 
open circuit voltage E and an ammeter is connected in the field circuit to measure field current 
/^as shown in Fig. 6.50. The field current 7^. (excitation) is gradually varied (increased in steps) 
and the voltage across the terminals of the alternator E is recorded for every change in the field 
current. A graph is plotted taking 7^ along abscissa and E along the ordinate called open circuit 
characteristics (O.C.C.). The O.C.C. curve so obtained is shown in Fig. 6.52. The curve rises 
steeply and then flattened due to saturation of the magnetic circuit. 




DC supply 




0 






DC supply 


0 - 


T 


Single-Phase Alternator Open Circuit Test Three-Phase Alternator 

Fig. 6.50 Circuit diagram for open circuit test on singie and three phase aiternators 


Note: in case of three-phase star-connected aiternator, to piot the curve phase vaiue of the terminai 
voitage f = f^/Vs is to be considered. 


(ii) Short circuit test: To perform short circuit test, the terminals of the alternator are short circuited 
by a thick strip or an ammeter as shown in Fig. 6.51. And its rotor is rotated by the prime-mover 
at synchronous speed. The field current 7^ is gradually increased and the short circuit current 
7^^ is recorded for every change in the field current with the help of ammeter connected across 
the alternator terminals. A graph is plotted taking 7, along abscissa and 7 along with ordinate 
called short circuit characteristics (S.C.C.). The S.C.C. curve so obtained is shown in Fig. 6.52 
which is almost a straight line. 

It should be noted that both the O.C.C. and S.C.C. curves are drawn on a common field current 
7^ as shown in Fig. 6.52. 
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l-Phase Alternator 

Fig. 6.51 Circuit diagram for short circuit test on singie and three phase aiternators 



Determination of Synchronous impedance 

To determine synchronous impedance of the alternator, let OA be the extension (field current For 
this field current OA, open circuit voltage is AB (i.e., E) and for the same field current the short circuit 
current is AC (i.e., When the alternator is short circuited terminal voltage is zero. Therefore, at 
short circuit, whole of the induced voltage E is being utilised for circulating the short circuit current 
through the synchronous impedance Z^. 

E = I Z 

sc s 

^ E Open circuit voltage 

or Z = -= —£-^^^ 

^ Short circuit current 


at the same field current. 
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The value of synchronous impedance is not constant. Its value is slightly high at low magnetic 
saturation. An approximate graph of against field current, /^is drawn by the dotted line as shown 
in Fig. 6.52. 

Note: The value of synchronous impedance is usually determined at the field current which provides 
the rated emfof the machine 


6.33.2 Determination of Synchronous Reactance 

To determine the value of synchronous reactance, first of all armature resistance is calculated by 
voltmeter-ammeter method, circuit shown in Fig. 6.53. Since the value of armature resistance is very 
small, a low DC supply voltage is connected across the terminals of a one-phase alternator. The value 

y, ^ 

is the DC resistance. The actual resistance of the armature of 

^ dc / 


of armature resistance | = 


an alternator is 1.25 to 1.75 times to that of DC resistance. 



Fig. 6.53 Voltmeter-ammeter test to determine armature resistance 

Therefore, R = 1.25 

Now synchronous reactance, 

A = -{Rf 


Imp. Note: In case of three-phase, star connected alternators, DC source, ammeter and voltmeter 
are connected across the terminals, then the measured resistance comes out to be the resistance 
of two phases. 


DC Resistance per phase, 

D measured resistance 

^- 

dc 9 


Also, all the vector diagrams are drawn considering the phase quantities whether the alternator 
is single-phase or three-phase. To determine the regulation, all the quantities must be phase value. 
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6.34 Modern Alternators 


When the terminals of the alternator are short circuited due to any fault (short circuit fault) short 
circuit current flows through the armature conductors. This current depends upon the induced 
emfEg and the synchronous impedance of the alternator i.e., 


/ = 

SC 



This short circuit current may damage the armature winding of the alternator if Z^is very small. 
Therefore, to limit the short circuit current, the modern alternators are designed for higher synchronous 
impedance. The resistance cannot be increased because it would increase the losses in the machine. 
Thus modern alternator are designed for higher synchronous reactance (or leakage reactance) but 
smaller resistance. 

The value of synchronous reactance is some times more than 20 times the armature resistance. 
Therefore, for all practical purposes the voltage drop due to armature resistance is neglected as 
compared to voltage drop due to synchronous reactance. 


6.35 Short-Circuit Ratio (SCR) 

The ratio of field current to produce rated voltage on open-circuit to the field current required to 
circulate rated current on short-circuit while the machine is driven at synchronous speed is called 
short-circuit ratio (SCR) of a synchronous machine. 

From OCC and SCC shown in Fig. 6.54. 



Fig, 6.54 OCC and SCCfor an alternator 
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Short-circuit ratio, SCR = 



m ^ ^ ^ ^ ^ 1 

OD DC AB AB / AE 


Where 


AB _ Per unit voltage on open-circuit 

AE Corresponding per unit current on short-circuit 


= Z, 


SCR = 


Thus, SCR is just reciprocal of per unit synchronous reactance of the machine. The value of 
synchronous reactance depends upon saturated conditions of the machine whereas, SCR is specific 
and defined at rated voltage. 


Significance of SCR 

Smaller is the value of SCR, larger is the value of synchronous reactance which limits the short circuit 
current to smaller value. But it causes difficulty during parallel operation of the machines owing to 
smaller value of synchronising power. 

Larger value of SCR increases the stability of the machine and improves its voltage regulation. 
Usually, the SCR of a high speed non-salient pole alternators lies between 0.5 and 0.75 whereas 
it lies between 1.0 and 1.5 for low speed salient pole type alternators. 

Therefore, the salient pole type alternators are more stable than non-salient pole type alternators. 

Example 6.16 

A 1-phase 60 kVA, 220 V, 50 Hz, alternator has an effective armature leakage reactance of 0-07 
ohm and negligible armature resistance. Calculate the voltage induced in the armature when the 
alternator is delivering rated current at a load power factor of 0-7 lagging. 

Solution: 

Here, 


= ^(y COS0 -I- IRf' ■+■ {y sin0 -I- IX^^ 

= ^j{^V cos0)^ -h (y sin^ -I- IX^^^ 

(since value of R is not given) 
= ,J(220 X 0 • 7f (220 X 0 • 7141 -l- 272 • 72 X 0 • 07f 
= ^J(l54f -I-(176- 19f = 234 V (Ans.) 


Rated power = 60 kVA = 60 x 10^ VA 
Terminal voltage, V = 220 V 
Leakage reactance, X^ = 0-07 Cl 
Load power factor, cos cj) = 0-7 lag; sin cj) = sin cos^' 0-7 = 0-7141 

Full load current, I = = 272 • 72 A 


Voltage induced in the armature, E^ 
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Example 6.17 

A single-phase 100 kVA, 600V, 50 Hz alternator has effective armature resistance and leakage 
reactance of 0-072 and 0-18 ohm respectively. At rated terminal voltage and kVA load, determine 
internal induced emf at (i) unit p.f (ii) 0-75 p.f lagging; (Hi) 0-75 p.f leading. 


Solution: 


Rated power = 100 kVA = 100 x 10^ VA; Terminal voltage, V = 600 V 
Armature resistance, R = 0-072 ohm; Leakage reactance, = 0-18 ohm 

T, j , 100 X 10^ , 

Rated current, I = - - -= 166 -67 A 

600 


(i) When the p.f.. 

Induced emf 


(ii) When the p.f. 

Induced emf 


(Hi) When the p.f. 

Induced emf 


cos (j) = 1; sin ^ = sin cos ^1=0 
Eg = ^(V costj)-V rnf +(lXjf 

= ^(600 X 1 + 166 - 67 X 0 - Ilf + (166 - 67 x 0 - isf 
= 612-73 V (Ans) 

cos (j) = 0-75 lagging; sin cj) = sin cos^' 0-75 = 0-6614 
Eg = ^(ycos^ -f rnf + (ysin0 - IXj^f 

/(600 x 0.75 + 166 - 67 X 0 - Ilf + (600 x 0 - 6614 + 166.67 x 0 -18)^ 

= V(462)^ + (366 - 8)^ 

= 629 V (Ans.) 

cos (j) = 0-75 leading; sin cj) = sin cos‘^ 0.75 = 0-6614 
Eg = yl(V cos (j) -f IR)^ + (ysin0 - IX ^)^ 


= y(600 X 0.75 + 166 - 67 X 0 - 072)^ + (600 x 0 - 6614 - 166.67 x 0 -18)^ 
= V(462)^ + (366 - 8)^ =590V(An^.) 

Example 6.18 

A single-phase, 500 V, 50 Hz alternator produces a short-circuit current of 170 A and an open circuit 
emf of 425 V when afield current of 15A passes through its field winding. If its armature has an 
effective resistance of 0.2 ohm, determine its full-load regulation at unity pfand at 0.8 pf lagging. 

Solution: 

Here, Rated power = 50 kVA = 50 x 10^ VA 

Terminal voltage, V = 500 V; Armature resistance, R = 0-2 ohm 
Short circuit current, = 170 A; Open circuit emf, E = 425 V 

E 425 

Synchronous impedance, = -— = = 2-5 ohm 

^ he 
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Synchronous reactance, ~ ' 2) = 2492 ohm 


Full load current, I ■ 


50 X 10^ 
500 


= 100 A 


When p.f. cos ^ = 1; sin ^ = 0 

= sjiV cos (j) + mf + (IX gf 


= yj{500 X 1 + 100 X 0 • 2f + (100 X 2 • 492f 


576.63 V 


Reg. 


£n - V 


X 100 


576 • 63 - 500 


V 500 

= 15-326% (Ans.) 

When p.f. cos cj) = 0-8 lagging; sin f = sin cos^' 0-8 = 0-6 


X 100 


^(Vcostj) + mf + (Vsintj) + IX gf 

^(500 X 0 • 8 + 100 X 0 • 2)^ + (500 x 0 • 6 + 100 x 2 • 492^ 
^/(42()fT(54W^ = 671 • 62 V 


. Reg. = ^ X 100 = X 100 


V 

34-35% (Ans.) 


500 


Example 6.19 

A three-phase star-connected alternator has an armature resistance of 0-1 ohm per phase. When 
excited to 173-3 V line voltage and on short circuit the alternator gave 200A. What should be the emf 
(in line terms) the alternator must be excited to, in order to maintain a terminal potential difference 
of400 V with 100 A armature current at 0-8 power factor lagging? 


Solution: 

Here, open circuit emf (line value). 
Armature resistance per phase, 
Short circuit current. 

Terminal voltage (line value). 
Armature current. 

Open circuit em/(phase value). 
Synchronous impedance/phase. 
Synchronous reactance/phase. 


= 173-3 V 
R = 0-1 ohm 


4 = 200 A 
4 = 400 V 
/ = 100 A 


_ 173-3 



= 100 V 


100 

200 


= 0-5 ohm 


4 = = V(0-5f-(0-lf 


0 - 4899 ohm 
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Terminal voltage/phase. V = ^ = 231 V 

V3 V3 

Load p.f., cos cj) = 0-8; sin cj) = sin cos^' 0-8 = 0-6 

No-load terminal voltage/phase. 

= ^(Vcostj) + mf + (Vsintj) + IX 

= ^{23\ X 0.8 + 100 X 0 • 1)^ -t (231 x 0 • 6 + 100 x 0 • 4899^ 

= 70.4 V 

No-load terminal voltage (line value) = V3 £q = -Jz X 270 • 3 = 468-4 V (Ans.) 

Example 6.20 

A three-phase star connected 1200 kVA, 3300 V, 50 Hz, alternator has armature resistance of 0-25 
ohm per phase. Afield current of 40 A produces a short circuit current of200 A and an open circuit 
emf of 1100 V between lines. Calculate regulation on full load 0-8 power factor lagging. 


Solution: 

Here, Rated power = 1200 kVA = 1200 x 10^ VA 

Terminal line voltage, = 3300 V (star connected) 
Armature resistance, R = 0-25 Q. 

At field current of 40 A; 

Short circuit current, 1 = 200 A 

’ SC 


Open circuit ewr/(phase value), E 


(ph) 


1100 


= 635•1V 


Synchronous impedance, Z = 


"(ph) _ 635 ■ 1 
L.. ~ 200 


= 3 • 175 


Synchronous reactance, = ^(3 • 175)^ - (O • 25)^ 


Full load, current, 
Terminal phase voltage, 


1200 X10" 

V3 X 3300 


= 210 A 


V = ^ = = 1905 - 2 V 

V3 V3 


3 • 175 


Power factor, cos f = 0.8; sin f = sin cos ^ 0-8 = 0-6 

Open circuit terminal voltage (phase value), 

Eg = ^(yCOS0 + IRf + (Fsin-t IX 

= ,J(1905 • 0 X 0.8 -(- 210 X 0 • 25)^ + (1905 • 2 x 0 • 6 -t 210 x 3 • 175)^ 


= 2400 V 
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% Reg. = ^ X 100 = ^ X 100 = 25-98% {Ans.) 

Example 6.21 

A three-phase, star connected, 20 MVA, 11 kV, 50 Hz alternator produces a short-circuit current 
equal to full-load current when afield current of 70 A passes through its field winding. The same 
field current produces an emfofl820 V (line to line) on open circuit. If the alternator has a resistance 
between each pair of terminals as measured by DC is 0.16 ohm and the effective resistance is 1.5 
times the ohmic resistance, what will be its full-load regulation at (i) 0.707 pf lagging and (ii) 0.8 
pf leading. 


Solution: 

Here, Alternator is three-phase, star connected; 

Rating of alternator = 20 MVA = 20 x 10® VA 
Terminal voltage (line value), = 11000 V 
Open circuit emf (line value), = 1820 V 

Resistance between two terminals = 0-16 ohm 


Resistance measured/phase = ^ = 0 • 08 ohm 

Effective resistance/phase, R = 1-5 x 0 08 = 0-12 ohm 

= = 1050 • 8 V 

Full load circuit, 1 = ^ = 1049 • 7 A 

S X11000 

Short circuit current, 1 = 1= 1049-7 A 

’ i'C 

Synchronous impedance/phase, ^ ^ = 1 • 001 ohm 

Synchronous reactance/phase, - (r)^ 

= ij(0 • OOlf - (0 • uf =0-994 ohm 


Open circuit emf (phase value), E = 

v3 


Terminal voltage (phase value), V = ^ = 6351 V 

V3 V3 

(0 When p.f, cos (f) = 0-707 lagging; sin (f) = sin cos“^ 0-707 = 0-707 
No-load terminal voltage (phase value). 


^(V cos (j) ■+ mf + (Vsintj) + IX 


= ij(6351 X 0.707 -t 1049 -7x0-12)^ -t- (6351 x 0 - 707 -t 1049 -7x0- 994)^ 
= V(4616)^ -t- (5533 - 5)^ = 7206 V 
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% Reg. = ^ X 100 = X 100 = 13-46% (Ans.) 

V 6351 

(ii) When p.f. cos cj) = 0-8 leading; sin cj) = 0-6 
No-load terminal voltage (phase value), 

= ^(y cos^ -I- mf + (Vsintj) + IX 

= 1^(6351 X 0.8 + 1049 • 7 x 0 • 12)^ -i- (6351 x 0 • 6 -i-1049 • 7 x 0 • 994^ 

= 7(4616)^ -I- (2767)2 = 5381 • 8 V 

% Reg. = ~ ^ X 100 = X 100 = - 15-26% {Ans.) 

V 6351 

Example 6.22 

Estimate the synchronous impedance for an 11 kV, three-phase, 50 Hz, 20 MVA alternator which 
develops rated emfon no-load with afield current of 20 A. Afield current of 12 A produces a short 
circuit current equal to rated current. 

Solution: 

Rated power = 

Line voltage, = 

At field current of 20 A; 

No-load emfE^^^^ = 

At field current of 12 A; 

Short circuit current = 

At field current of 20 A; 

Short circuit current, 1 = 

Phase value of no-load emf Eq = 

Synchronous impedance, = 

Solution by using j-notation (polar method) 


20 MVA = 20 X 10® VA 

11 kV = 11000 V {three-phase connections) 

rated voltage = 11000 V (line value) 


rated full load current = 


20 X 10° 
^/3 X 11000 


= 1049.73 A 


II X 1049 • 73 


{SCC is a straight line curve) = 1749-54 A 


^O(L) _ 11000 


V3 V3 

^ ^ 6351 
1749.54 


= 6351V 


: 3-63 Q {Ans.) 


Example 6.23 

A three-phase, star-connected, 10 kVA, 230 V alternator has an armature resistance of 0.5 fl per 
phase and a synchronous reactance of 1.2 Q per phase. Calculate the percent voltage regulation 
at full load at power factors of (a) 0.8 lagging, (b) 0.8 leading, (c) Determine the power factor such 
that the voltage regulation becomes zero on full load. 
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Solution: 

Here, Rating = 10 kVA; R = 0.5 Q; = 1.2 Q 


Full-load current, I, 


kVA X1000 ^ 10 X10" 
73 X V, 73 X 230 


= 25.lA 


Phase current, I = I^ = 25.1 A 
V, 9^0 

Rated voltage per phase, V = = —j=- = 132.8 V 

73 73 

Considering y as reference phasor, V = yZ0°= 132.8 Z0°= 132.8-t JO 

Synchronous impedance, Zs = R+ jX^ = 0.5 + j\.2 = 1.3 Z67.38” Q. 

(a) When power factor is 0.8 lagging 

1 = IZ- cos'' 0.8 = 25.1Z - 36.87” A 
E^=V + lZs 

= (132.8 -H JO) + (25.1 Z - 36.87”) (1.3Z67.38”) 

= 132.8 -t 32.63Z30.51”= 132.8 + 28.1 -t j 1.6.56 
= 160.9 4- ;16.56 = 161.75 Z5.87” 

Voltage regulation = ~ ^ X 100 = ^ 


= 21.8% {Ans.) 


(b) When power factor is 0.8 leading 


I = I Z + cos“‘ 0.8 = 25.1 Z36.?,T A 

e,= v + 1Y, 

= 132.8 + (25.1Z36.87”) (1.3Z67.38”) 
= 132.8 + 32.63Z104.25” 

= 132.8 -8-1- ;31.62 = 124.8 -i- y31.62 
= 128.74 Z14.2” V 


Voltage regulation 


£n -y 


X 100 = 


128.74 - 132.E 


= -3.06% (Ans.) 

(c) For zero regulation, let (j) be the required power-factor angle. 

7 = /Z0 = 25.1Z0 A 

£„ = y -(- 7 Z 


= 132.8 4- (25.1 Z (j)) (1.3 Z67.38°) 

= 132.8 4 - 32.63 Z (^ 4 - 67.38°) 

= 132.8 4- 32.63 cos + 67.38°) 4- j 32.63 sin («^ 4- 67.38°) 
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eI = [132.8 + 32.63 cos + 67.38)]2 + [32.63 sin + 67.38)]2 
En-V 

Voltage regulation = ^ — pu 

For zero voltage regulation Eq = V= 132.8 V 

(132.8)2 = [132.8 + 32.63 cos {(j) + 613%°)f + [32.63 sin (^ + 67.38)]2 
or (132.8)2 = (132.8)2 + 2 x 132.8 x 32.63 cos {(j) + 67.38°) 

+ (32.63)2 cos2 {(j) + 67.38°) + (32.63)2 sin2 (^ + 67.38°) 
(132.8)2 = (132.8)2 + 2 X 132.8 x 32.63 cos (^ + 67.38°) + (32.63)2 

or cos ((j) + 67.38°) = = -0.12285 = cos 97” 

^ X 13^.0 

(j) = 9T- 67.38° = + 29.62 
and cos (j) = 0.8692 leading {Ans) 

Example 6.24 

A three-phase, star-connected, 10 kVA, 400V50Hz alternator has armature resistance of 0.5 ohm/ 
phase and synchronous reactance 10 ohm/phase. Determine its torque angle and voltage regulation 
when it supplies rated load at 0.8pf lagging. 

Solution: 

Here, Rated power = 10 kVA; R = 0.5 Q; = 10 Q; cos tj) = 0.8 lagging 

Rated load current, 1, = ^ = 14.4 A 

V3 x 400 

Rated phase current, 1 = 1^ = 14.4 A 

Zs =R+ jXg=6.5 + ylO = 10.012 Z87° Q. 

Rated phase voltage, V = ^ = 230.9 V 

V3 V3 

Taking phase voltage V as reference phasor, 

V = VZ0°= 230.9 Z0°= (230.9 + ;0) V 

At 0.8 lagging power factor 

Current, 1 = IZ - cos~'0.8 = 14.4Z- 36.87”A 
Eo=V + lT, 

= 230.9 + jO + (14.4Z- 36.87°) (10.012)Z87°) 

= 230.9 + 144.2 Z50.13°= 230.9 + 92.4+ ;110.6 
= 323.3 + jllO.6 = 341.7 Z18.9° V 
Eg = 341.7 V 

Torque angle between V and £g is (5 = 18.9° (leading) 

Voltage regulation = ^ = ^^^ 230 9^^ ^ ~ 0.4798 pu (Ans.) 
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Section Practice Problems 


Numerical Problems 

1. A single-phase, 2200 V, 50 Hz, 40 kVA alternator produces a short-circuit current of 200 A and an open 
circuit emf of 1160 V when a field current 40A passes through its field winding. Calculate the synchronous 
impedance and reactance if its armature has an effective resistance 0.5 ohm. (Ans. 5.8 ohm, 5.77 ohm) 

2. A three-phase star connected alternator has an armature resistance of 0.1 ohm per phase. When excited 

to 860 V line voltage and on short-circuit the alternator gave 200 A. What should be the emf (in line terms) 
the alternator must be excited to, in order to maintain a terminal p.d. of 400 volt with 100 ampere armature 
current at 0.8 p.f. lagging. (Ans. 452 V) 

3. A 600 volt, 60 kVA, single-phase alternator has an effective armature resistance of 0.3 ohm. An exciting 
current of 5 ampere produces an emf of 400 volt on open circuit and an armature current of 200 ampere 
on short circuit. Calculate: 

(/') the synchronous impedance and synchronous reactance. 

(//') the full load regulation with 0.8 p.f. lagging. (Ans. 2 Q, 2.974 Q, 24.81%) 

4. A three-phase, star-connected, 1000 kVA, 3000 V, 50 Hzalternator produces a short-circuit current of 200 

A and an open circuit voltage of 1040 V with the same field current 40 A. if its armature has an effective 
resistance of 0.2 ohm per phase, calculate full-load percentage regulation of the machine at a pf of 0.8 
lagging. (Ans. 24-34%) 

5. A three-phase, star-connected, 1000 kVA, 3300 V, 50 Hzalternator produces a short-circuit current of 200 

A and an open circuit voltage of 1040 V with the same field current 40 A. It its armature has an effective 
resistance of 0.2 ohm per phase, calculate full-load regulation of the alternator at a pf of 0.8 lagging and 
0.8 leading. (Ans. 19.9%,-11.8%) 

Short Answer Type Questions 

Q.1. What are the different modes of operation of a synchronous machine? 

Ans. Operation of synchronous machines: A synchronous machine may operate independently or in parallel 
with other machines. Accordingly, their operation is called; 

(/) First mode of operation: The mode of operation in which a synchronous machine works 
independently is called its first mode of operation. In this case, machine works only as a generator. 
(//) Second mode of operation: The mode of operation in which a synchronous machine works in parallel 
with other machines or connected to the infinite bus bars is called second mode of operation. In 
this case, a machine may work as a generator or motor. 

Q.2. What is armature leakage reactance? 

Ans. Due to leakage fluxes like slot leakage flux, air gap leakage flux, end-connection leakage flux etc., the 
armature winding has some inductance (/.) in each phase which offers leakage reactance (X^ = 27tfL) 
and is called armature ieakage reactance. 

Q.3. What do you mean hy armature reaction reactance? 

Ans. In fact, in synchronous generators the armature reaction produces the same effect as if a reactance is 
connected in series with the winding and hence is called armature reaction reactance. 
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Q.4. Write down the expression tor no-ioad terminai voltage tor resistive, inductive and capacitive load. 

Ans. Expression for No-load terminal voltage 

For resistive ioad, Eq = ^(1/ + IRf + {IX 

For inductive ioad, Eq = ^(1/ coscj) + IRf + (1/ s\n<j> + IX^f 

For capacitive ioad, E^ = ^{Vcosrj) + IRf + (1/ s\n<j> - IX^f 

Q.5. In short tell how to determine synchronous impedance ot an alternator. 

Ans. Determination of synchronous impedance: It is determined by performing open circuit and short circuit 
test on the aiternators. 

By performing open circuit test, a curve between fieid current {if) and open circuit voitage or induced 
emf (E-phase vaiue) is drawn. 

By performing short circuit test, a curve between fieid current {if) and short circuit current (4^-phase 
vaiue) is drawn. 

Then, synchronous impedance, ^ at the same if. 

'sc 

Q.6. Name different methods used to determine voltage regulation of an alternator. 

Ans. Voltage regulation of an alternator can be determined by the following methods: 

(/) Synchronous impedance method or emf method. 

(/'/) Ampere-turn method or mmf method 
{Hi) Zero power factor method or Potier method. 

6.36 Assumptions Made in Synchronous Impedance Method 

The following assumptions are made in synchronous impedance method: 

1. The synchronous impedance is considered to be constant. 

In fact, it is constant only when OCC an SCC are straight line. But above the Knee-point of OCC, 
when the saturation starts, the value of synchronous impedance starts decreasing. Hence, the 
synchronous impedance obtained under test conditions is usually larger than actual value. This 
is the major source of error of determining voltage regulation of an alternator by synchronous 
impedance method. 

2. The flux under test conditions is considered to be the same as that under load conditions. 
The same value of field current is not producing the same flux always. When the armature is 
short circuited, the armature current lags behind the generated voltage by almost 90°, hence 
armature reaction produces demagnetising effect. This reduces the degree of saturation further. 
The actual resultant flux is reduced which reduces the generated emf. These conditions are 
different from those when the machine is actually loaded. Hence, the synchronous impedance 
obtained under test condition is usually larger than actual value. This causes a source of error 
while determining voltage regulation of an alternator by this method. 

3. The effect of armature reaction flux is usually replaced by a voltage drop proportional to the 
armature current. 
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This assumption also causes errors because the shift of armature flux varies with the power 
factor and the load current. 

4. The magnetic reluctance to the armature flux is considered to be constant regardless of the 
power factor. 

Although, this assumption is substantially true for non-salient pole type alternators because 
air-gap in these machines is uniform. But in case of salient pole type alternators, the position of 
armature flux relative to field poles varies with the power factor. This assumption also introduces 
considerable error. 

Hence, it is found that the regulation determined by using synchronous impedance method is 
higher than the actual value. 


6.37 Ampere-turn (or mmf) Method 

The synchronous impedance method is based on the concept of replacing the effect of armature 
reaction by a fictitious reactance. Accordingly, some assumptions were made. But due to those 
assumptions, the voltage regulation obtained by that method was higher than the actual value. 

In ampere-turn or mmf method, the effect of armature leakage reactance is to be replaced by an 
equivalent additional armature reaction mmf This additional mmf is combined with the armature 
reaction mmf. 

To determine the regulation of an alternator by mmf method, the following information is required. 

(i) The resistance of the stator winding per phase. 

(ii) Open-circuit characteristics at synchronous speed. 

(Hi) Short-circuit characteristics. 

All these informations can be obtained by performing the same tests as preformed in emf method 
i.e., open circuit test, short circuit test and ammeter-voltmeter method for finding armature resistance. 

The open circuit and short circuit characteristics are shown in Fig. 6.54, where field current is 
determined to give rated voltage V on no-load, neglecting armature resistance drop, the field current 

is determined to cause short-circuit current, equal to full load current, on short circuit. 

On short circuit, the field excitation 7^^, balances the impedance drop in addition to armature 
reaction on full load. But, as we know that R is usually very small and is also small for low voltage 
on short circuit, so impedance drop can be neglected. Hence p/on short circuit is almost zero lagging 
and the field amp-turns are used entirely to overcome the armature reaction. Therefore, 7^^, gives 
demagnetising amp-turns at full load. 

Now, let us consider that the alternator is supplying full load current at a pf of cos cf). Draw a line 
OA representing 7^^ to give full load rated voltage, V [actually it is equal to V -h IR cos as shown 
in Fig. 6.55. Then draw AB at an angle (90° ± f) representing 7^ to give full load current on short 
circuit; ■+■ ve sign for lagging pf and -ve sign for leading pf. Now find field current 7^measuring OB, 
which will give open-circuit EMF E^, which can be determined from OCC. 

Then percentage regulation can be determined from the relation, 

Ef,-V 

% Regulation = —— X 100 . 
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This method of determining synchronous impedance is known as optimistic method since it 
gives values lower than actual values. It is because the excitation to overcome armature reaction is 
determined on unsaturated part of the magnetising curve. 

Example 6.25 

The open-circuit test data of a 500 kVA, 4000 volt, 8 pole, 3-phase, 50 Hz alternator is: 

ATs, per pole 2000 3000 3560 5000 6200 7000 8000 

Terminal voltage 1990 2900 3400 4000 4400 4590 4800 

The equivalent armature reaction expressed in ampere-turn per pole is 1.1 x ampere conductors 
per pole per phase. There are 240 conductors per phase in series. If the inductive voltage drop 8% 
on full load and the resistance drop is negligible. Then determine (i) Short circuit characteristic (ii) 
field excitation and regulation for full load at 0-8 p.f lagging. 


Solution: 

Converting three-phase terminal line voltage into phase values, we have 


1990 2900 3400 4000 4400 4800 

Vs ’ V3 ’ Vs ’ V3 ’ V3 ’ Vs 


= 1150, 1675, 1963, 2310, 2540, 2650, 2770 


Phase voltage, V = = 2310 V 
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Open-circuit characteristic is drawn by taking ATs per pole along the abscissa and voltage per 
phase along the ordinate, as shown in Fig. 6.56. 


Full load current I = 


kVA X1000 
V3 X Vl 


500 X1000 ^ 79 A 
Vs X 4000 


Armature reaction ATs per pole per phase for full load, 


= 1.1 X ampere conductors per pole per phase 

= 1.1 X / X f = 1.1 X 72 X ^ = 2376 
P O 

Inductive drop = Leakage reactance drop = X =185 volt 

100 JT. 



-► Ampere-turns 

Fig. 6.56 OCCand SCCas per data 


The field A7i or simply field current that is obtained from OCC is used to overcome the effects of 
armature reaction and leakage reactance. The ATs 2376 are the field ATs for balancing the armature 
reaction. The field ATs to balance or overcome the leakage reactance can be read off from the OCC 
graph corresponding to leakage reactance drop of 185 volt and it comes out to be 370 ampere turn. 

.'. Short circuit field ATs = 2376 -H 370 = 2746 ATs. 
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So the see is drawn with two points, one the origin (0,0) and second point is (2746, 72), These 
two points are joined, hence we get a straight line. 

To determine total ampere-turns, proceed as follows: 

Draw the phasor diagram as shown in Fig. 6.57. where terminal phase voltage V is taken as reference 
vector and current lags behind this voltage by an angle 36.87° (^ = cos^' 0.8 = 36.87°). Here, resistance 
drop is zero and drop in leakage reactance IX^ is 185 V which leads the current vector by 90°. 

E= ,y(ycos 0 + mf + {Vsm(l)+IX 

= 7(2310 X 0.8 + 0)^ + (2310 x 0.6 + 185)^ (since/? = 0) 

= 2525 V 

From the (9CC curve the field ATs corresponding to 2425 volt are 5500 

These field ATs, (oa) are drawn at right angle to E as shown in Fig. 6.57. The armature reaction 
ATs (2376) only are drawn parallel opposition to current I i.e., ab as shown in the Fig. 6.57. The 
angle between oa and ab, is (90 + (fi). (Z5 between E and V is neglected being small). The resultant 
vector ob is given as below: 

ob = ^Joa^ + ab^ - 2oa X ab X cos (90 + 36.87”) 

= 7(5500)^ -I- (2376)^ + 2 x 5500 x 2376 x cos (53.13”) 

= 7(5500)^ -I- (2376)^ -i- 2 x 5500 x 2376 x 0.6 = 7180 AT (Ani.) 

Corresponding to 7180 AT, the emf E^ from the DCC curve is 2700 volt and lags the ob by 90° 
as shown. 

%age regulation = ~ ^ X 100 = ^'^^23~10^^^ ^ " 16.88% (Ans.) 



Examnle 6.26 

The following test results were obtained on a 345 kVA, three-phase, 6600 volt, star connected non 
salient pole type alternator. 

Open circuit characteristics. 

Terminal voltage in volt 1400 2100 5600 6600 7240 8100 

Exciting current in ampere 20 30 46.5 58 76.5 96 
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Short circuit characteristics: 

Stator current 35 A with an exciting current of 50 A. Leakage reactance on full load is 8% Neglect 
armature resistance. 

Calculate the exciting current (for full load) at p.f 0-8 lagging and at unity. 


Solution: 

Reducing all line voltages to phase voltage, for a star connected machine. 


1400 2100 5600 6600 7240 8100 

V3 ’ >/3 ’ Vs ’ Vs ’ Vs ’ Vs 


= 808, 1212, S2SS, S810, 4180, 4676 


Plot the OCC as shown in Fig. 6.58 



Fig. 6.58 OCC and SCC of the alternator 


Plot the SCC from the given data. It is a straight line as shown in Fig. 6.58.. 

Leakage reactance drop = 8% = X = 304.8 volt 

100 Vs 

Terminal voltage (phase value), V= = 3810 V is taken as reference vector. Since armature 

Vs 

resistance is neglected, there is only leakage reactance drop. 

IX^ = S04.8 volt (leads the current vector by 90°) 

Full-load current. 


^ ^ kVA X 1000 ^ S45 X 1000 ^ 


Vs K Vs X 6600 


For pf 0.8 lagging 

For pf 0.8 lagging, current logs behind terminal voltage F by an angle cj) = cos^' 0.8 = S6.87°, as 
shown in vector diagram 
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E= 7(Vcos 0 + mf + {V sintj) + IX^f 

= 7(3810 X 0.8 + 0)^ + (3890 x 0.6 + 304.8)^ = 4000 V 

Phase difference between E and V is (5 = sin^' cos 0 _ 304 8 X 0.8 _ ^ 

E 4000 

From OCC graph, corresponding to 4000 volt, the field current is 62 ampere. 

This excitation (/^j) is called normal excitation which is drawn at right angles to E. This is 
represented by vector oa. 

From short-circuit characteristic, corresponding to full load current of 30 A, the exciting current 
is 42.85 A. This excitation (/^) is in phase opposition with the current I and represents the field 
excitation of armature reaction and leakage reactance drop. The vector (ab) is drawn in parallel to 
current vector in phase opposition to balance the effect of armature reaction. 

Now, the resultant of these two vectors is given by ob whose magnitude (7^) is calculated as follows. 

ob^ = oa^ + ab^ - 2oa x ab x cos (90 + (j>+ S) 

= (62)2 + (42.85)2 - 2 X 62 X 42.85 x cos (90 h- 36.87° h- 3.5°) 

= 3844 -H 1800 H- 2 X 62 X 42.85 x cos (49.63°) 
ob = V3844 -I- 1800 + 2 x62 x 42.85 x 0.64 = 95 A 

If, it is required to find the regulation, then corresponding to this field excitation the open circuit 
voltage E^ can be read off from the OCC curve. This voltage E^ always lags the excitation ob by 90° 
as shown in Fig. 6.59. 



For Unity p.f. 

For unity pf, the current I is in phase with the terminal voltage V and the leakage reactance drop 
IXg equal to 304.8 volt is drawn at right angle to the current I or at right angles to voltage vector V, 
as shown in Fig. 6.60. 

Hence from the vector diagram opt, we have 

E = 7f^ +{IXsf = 7(3810)^ + (304.8)^ = 3822 V 
Phase difference between E and V is say 5' 
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Corresponding to 3822 V, the field excitation from OCC curve is 59.8 A 



Full load current at unity p.f. 


345 X 1000 
S X 6600 


30A 


From short circuit characteristic 30 A corresponds to exciting current of 42.85 A 

Now oa'. is drawn at right angles to E and is equal to 59.8 A. Now a'b' equal to 42.85 A is drawn 
parallel to current vector. The vector ob' is the vector sum of oa' and a'b'. 

ob' = ■\Joa^ + a'b'^ — 2oa' X a'b' X cos (90 + 6) 

= 7(59.8)^ + (42.85)^ + 2 x 59.8 x 42.85 x cos 85.44° 


= 76.25 A (Ans.) 

Again if it is required to find the regulation then corresponding to this field current of 76.25 A 
the open-circuit voltage can be determined which always lags the excitation ob' by 90°. 

E-V 


% age regulation 


V 


X 100 


Example 6.27 

The data for open circuit characteristics of a 3.3 kV, 1500 kVA star-connected, three-phase alternator 
running at 760 rpm is given below: 

Terminal Voltage (V): 1500 2200 2700 3200 3550 3800 41100 4100 4150 

Eield AT, per pole: 2000 3000 4000 5000 6000 7000 8000 9000 10000 

The number of turns per phase is 55. The resistance measured between terminals is 0.5 ohm and 
leakage reactance per phase is 1.5 ohm. Assume that the armature reaction ampere turns per pole 
are equal to 1 4 times ampere turns per pole per phase. The ratio of effective resistance to measured 
resistance is 1.4. 

Determine the percentage regulation when full load at normal voltage and at p. f. 0 8 lagging is 
switched off and the speed of the alternator increases to 770 rpm 
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Solution: 

Changing the line voltages into phase voltages, we have, 

1500 2200 2700 3200 3550 3800 4000 4100 4150 
V3’V3’^/3’^/3’^/3’^/3’^/3’^/3, ’V3 
866, 1270, 1560, 1848, 2050, 2190, 2310, 2370, 2400 

Plot the OCC curve by taking field AT^ along the x-axis and terminal phase voltages along the 
y-axis as shown in Fig. 6.61. 



c ,,, j , kVAx 1000 1500 X 1000 . 

Full load current, L, = - 1 = -= —;=- = 263 A 

^ V3 Vj, V3 X 3300 

Resistance between terminal = 0.5 Q. 

In star connected windings, the resistance per phase = = 0.25 Q.. 

Effective resistance per phase, R = 1.4 x 0.25 = 0.35 Q 
Leakage reactance per phase, 


= 1.5 Q 

The phasor diagram is shown in Fig. 6.62. for finding the voltage E. The terminal voltage V is 
taken as reference phasor. 

Rated phase voltage, V = 3-3 X 1000 ^ y 

V3 


E= yjiVcos 0 + mf + {V sintj) + IX 
= V (1905 X 0.8 + 263 x (0.35)^ + (1905 x 0.6 + 263 x 1.5)^ 
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Fig. 6.62 Phasor diagram 


Armature reaction ATs per pole per phase are = 1.4 x per pole per phase 

= 1.4 X , 1.4 X 263^ , 2525 ATs 

No. 01 poles 8 

The field ATs as obtained from the OCC curve corresponding to normal open circuit voltage are 
called no-load ATs. These ATs (oa) are drawn at right angle to the voltage vector OE. The armature 
reaction ATs per pole per phase (2525) is drawn parallel opposition to load current I. i.e., at is drawn 
parallel opposition to I. The resultant of oa, and ab is given by ob. The angle between oa and ab is 
(90 H- (ji) 

ob = ^Joa^ + ab^ - 2oa X ab X cos (90 + 36.87”) 

= 7(7150)^ -I- (2525)^ -I- 2 X 7150 x 2525 x cos (53.13”) 


= 7(7150)^ + (2525)^ -(- 2 X 7150 x 2525 x 0.6 = 8900 ATs 

Corresponding to 8900 ATs, the open circuit voltage is 2380 from the OCC curve. 

Hence when the load is switched off the open circuit voltage is 2380 volt. 

Now the speed has increased from 760 to 770 rpm but we need to have open circuit voltage 
corresponding to 760 rpm, therefore E^ corresponding to 760 rpm, 

E = 7380 X 760 ^ 2350V 
" 770 


E„ — V 9'tsn — tQOS 

% age Regulation = ^ — X 100 =-f 9 () 5 —^ ^ “ 23.4% (Anj.) 
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Solution by using polar method 
Example 6.28 

When an open circuit and short circuit tests were performed on a three-phase, star-connected, 1000 
kVA, 2000 V, 50 Hz alternator, the following results were obtained: 

Field current (in ampere): 10 15 20 25 30 35 40 45 50 

O.C. terminal voltage (in volt): 800 1143 1500 1760 2000 2173 2350 2476 2600 

S.C. armature current (in ampere): — — 200 250 300 — — — — 

The armature effective resistance per phase is 0.2 Tl. 

Draw the characteristic curves and determine the full-load percentage regulation at (a) 0.8 power 
factor lagging, (b) 0.8 power factor leading. Also draw the phasor diagrams. 

Solution: 

The OCC and SCC are shown in Fig. 6.63. 

The open circuit phase voltage in volt are 

800 1143 1500 1760 2000 2173 2350 2476 2600 . 

%/3’V3’V3’V3’ V3’ V3’ V3’ V3’ V3’ 
or = 462, 660, 866, 1016, 1155, 1255, 1357, 1430, 1501 
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From the OCC, the field current required to produce the voltage of 1201.7 V is 32 A. Therefore 
oa = I= 32 A. This current leads the voltage vector OE by 90° or leads the terminal voltage 

vector OF by (90 - (5= 90 - 1.65° = 88.35°) 88.35°. 

= If^ Z90°-1.65°= 32Z88.35° = (0.92 + 131.98) A 

From the SCC, the field current required to produce full-load current of 288.7A is 29 A. Therefore 
ob = = 29 A. For cos cj) = 0.8, (j) = 36.87° 

From the phasor diagram shown in Fig. 6.64. 



Fig. 6.64 Phasor diagram 
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If^ = Z180°-^ = 29 Z180“-36.87° 

= 28“Z143.13“A =-23.2+yi7.4 
If = If^ + lf^ =- 23.2 + 717.4 + 0.92 + 731.98 
= - 22.28 + 749.38 = 54.18 Z114.3“ A 

From the OCC, the open circuit phase voltage corresponding to the field current of 54.18 A is 
1555 V. 

.'. Percentage voltage regulation = ^ 100 = ^ 100 = 34.63% (Ans.) 

(b) At power factor 0.8 leading 

E =V + 1r 

= 1155 + (288.7 Z+cos-i 0.8) x 0.2 
= 1155+46.2+7-34.64 
= 1201.2 + 734.64 = 1201.7 Z+1.65° V. 

From the phasor diagram shown in Fig. 6.65. 

b 


Fig. 6.65 Phasor diagram 

If = If Z90° + d = 32Z90“+1.65 = 32Z91.65“ A 

= -0.92 + 731.98 A 
If^ = If^ Z180“ + 0 

= 29 Z180“+36.87“= 29Z216.87“ A =-23.2- 7 I 7.4 A 
Tf = Tf^ + Tf = -0.92 + 731.98 - 23.2 - 7 I 7.4 
= -24.12 + 714.58 A = 28.18 Z31.15° A 

From the O.C.C., the open-circuit phase voltage corresponding to a field current of 28.18 A is 
1120V. 

Percentage voltage regulation = ^ X 100 = X 100 = -3.03% (Ans.) 
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6.38 Zero Power Factor or Potier Method 

The regulation obtained by synchronous impedance (or emf) method and ampere-turn (or mmf) 
method is based on the total synchronous reactance i.e., (the sum of reactance due to armature 
leakage flux and due to armature reaction effect). This introduces error due to vectorial addition of 
magnetic fluxes. Whereas, the zero power factor method is based on the separation of reactances 
due to leakage flux and that due to armature reaction flux, therefore, it gives more accurate results. 

For determining voltage regulation by this method, the following data is required: 

(i) effective resistance of armature winding 

(ii) open-circuit characteristic 

{Hi) field current to circulate full-load current in the stator and 

(iv) zero-power factor full-load voltage characteristic—a curve plotted between terminal voltage 
and field current while the machine is being running on synchronous speed and delivering 
full-load current at zero power factor. 

The first three requirements can be fulfilled by performing open circuit test, short circuit test and 
resistance measurement test, as discussed earlier. The curve of zero power factor characteristic can 
be obtained by taking various steps as explained below: 

1. The machine is rotated at rated synchronous speed by a prime-mover. 

2. A pure inductive load (variable load reactors or an under-excited synchronous motor) is connected 
across the armature terminals and the excitation or field current of the alternator is raised so 
as to cause flow of full-load armature current. 

Usually, the alternator is loaded by an under-excited synchronous motor while plotting zero 
pffull-load curve. 

3. The value of the reactance is then increased step by step in such a way that the excitation 
current is adjusted to a value that causes full-load rated armature current to flow. In the process, 
the armature terminal-voltages are varied from 125 % to 25 % of the rated voltage in steps, 
maintaining the speed and rated armature current constant throughout the test. 

4. Note down the armature terminal voltages and excitation currents at each step. 

5. Draw a curve between terminal voltage and excitation current, as shown in Fig. 6.66. It gives 
the zero power factor (lagging) characteristic. 

Now, the zero power factor (lagging) characteristic can be used for obtaining the Potier reactance, 
it is sufficient to determine the point representing rated armature current and rated voltage. This is 
indicated by point B in Fig. 6.66. 

From OCC and zero power factor curve, it reveals that there is a definite relationship between 
the zero power factor (lagging) characteristic and an open-circuit characteristic of an alternator. The 
zero power factor characteristic curve is of exactly the same shape, as that of OCC but it is shifted 
vertically downward by leakage reactance drop I and horizontally, by the armature reaction mmf. 

Zero power factor full-load voltage-excitation characteristic can be drawn by knowing two points 
A and B. Point A is obtained from a short-circuit test with full-load armature current. Hence OA 
represents excitation (field current) required to overcome demagnetising effect of armature reaction 
and to balance leakage reactance drop at full load. Point B is obtained when full load current flows 
through the armature but wattmeter reads zero. 
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Fig. 6.66 OCCof the alternator with zero pf full-load curve 


From point B, line BC is drawn equal and parallel to AO. Then a line is drawn through C parallel 
to initial straight part of OCC (parallel to extended OG), intersecting the OCC at D. BD is joined 
and a perpendicular DF is dropped on BC. The triangle BFD is imposed at various points of OCC 
to obtain corresponding points on the zero factor curve. 

In triangle BDF the length BF represents armature reaction excitation and the length DF represents 
leakage reactance drop (I Xj)*. This is known as Potier reactance voltage drop and the triangle is 
known as Potier triangle. The Potier reactance is given, as 

^ _ DF (voltage drop per phase) 

^ Zero power current per phase 

It is observed that in case of cylindrical rotor machines, Potier reactance is nearly equal to armature 
leakage reactance, but in case of salient pole machines, the magnetising circuit is more saturated and 
the armature leakage reactance is smaller than the Potier reactance. 

Potier Regulation Diagram 

To determine voltage regulation, Potier regulation diagram is drawn as follows: 

(i) OV is drawn horizontally to represent terminal voltage, V on full load and 01 is drawn to 
represent full load current at a given power factor, (say lagging). 
iii) Draw VE perpendicular to phasor 01 and equal to reactance drop (IXj), neglecting resistance 
drop. 

(iii) Join OF, where OE represents generated emf E. 

(iv) From OCC find field excitation corresponding to generated emf E. 
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(v) Draw oa = perpendicular to phasor OE to represent excitation required to induce emf OE on 
open circuit. 

(vi) Draw ab = parallel to load current phasor 01 to represent excitation equivalent to full-load 
armature reaction. 

(yii) Join ob = which gives total excitation required. If the load is thrown off, then terminal voltage 
will be equal to generated emf corresponding to field excitation ob = Ij-. 

Hence, emf Eq may be determined from OCC corresponding to field excitation ob = Where, 
the phasor Eq will lag behind phasor ob by 90°. Here, EE^ represents voltage drop due to armature 
reaction. Now regulation can be obtained from the relation. 

Ea-V 

% Regulation = —— X 100 


b 



Example 6.29 

The following test results were obtained when these were performed on a 15 MVA, 

11 kV, three-phase, 50 Hz, star-connected alternator: 

Field AT per pole in thousand 5 10 15 18 25 30 35 40 45 50 

Open-circuit line emf in kV 2.9 5.0 7.0 8.1 10.0 11.1 11.9 12.7 13.3 13.65 

Full-load current, zero power 

factor test, line pd in kV — — — 0 — — — — 10.0 — 

Find the armature reaction ampere-turns, the leakage reactance and the regulation for full load at 
0.8 pf lagging. Neglect resistance. 

Solution: 

From the given data, draw OCC between phase voltage and field current. Full-load zero power factor 

10 2 

curve is drawn, taking point A (18, 0) and point B (45, —^) being known. From the triangle BDF 

V3 

drawn in Fig. 6.68. 

Armature reaction ampere turns = BE = 15000 AT/pole. {Ans) 

Full-load reactance drop = DF = 11.15 - 10 = 1.15 kV = 1150 volt 

Leakage reactance drop per phase, IX, = 11^ = 554 V 
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Fig. 6.68 OCCand Z pf triangle as per data 


Full-load current = 


15 X 10” 


= 787A 


V3 X11000 

Leakage reactance per phase, = 0.844 Q. 

The phasor diagram is shown in Fig. 6.69, where 

OV = Terminal phase voltage = = 6351V 

V3 

VE = 1150 volt representing reactance drop 

OE = E= -sj (V cos (l) + IRf + (V sin (l) + IXsf 
Since cos cj) = 0.8 lag: sin cj) = sin cos '0.8 = 0.6 and R = 0 

E = 7(6351 x0.8f -I- (6351x0.6-1-664)2 = 6770 V 


Excitation corresponding to (fllQV 


^ Will 
R 


is 33000 AT 



Draw oa equal to 33000 AT, perpendicular to OE. 
Draw ab = 15000 AT parallel to current vector 01 
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Total ampere turns, 


ob = ^]{oa^ + ab^ - 2oa X ab X cos(90° + 36.87°) 

= yj(33000f + (15000)^ - 2 X 33000 x 15000 x cos 126.87° 
= 43680 AT 


Induced emf corresponding to 43680 AT = 1^200 y _ 7521 V 




%R 


£n - V 


eg 


V 


X 100 = 


7621 - 6351 
6351 


X 100 = 20% (Ans.) 



Example 6.30 

Determine the voltage regulation by zero power factor method of a 500 kVA, 6600V, three-phase, 
star-connected alternator having a resistance of 0.075 ohm per phase, when delivering a current 
of 500 A at power factor (i) 0.8 lagging (ii) 0.707 leading and (Hi) unity. The alternator has the 
following open circuit and full-load zero power factor curves: 


Field current in A: 24 

Open circuit terminal voltage in V: 1400 
Saturated curve, zero pfin V: 0 


32 

50 

75 

100 

125 

150 

— 

4500 

6400 

7500 

8100 

8400 

0 

1900 

4200 

5750 

6750 

7100 


Solution: 


The OCC and ZPFC are plotted as shown in Fig. 6.70. At rated terminal voltage of 


6600 


V, draw 


a horizontal line at B. Take BC = OA = 32A. 

This field current OA is the field current required to circulate full-load current on short circuit. 
Draw a line CD parallel to OG (the initial slope of OCC) to meet OCC at D. From point D draw a 
perpendicular DF on the line BC. Here BCD is the Potier’s triangle. 

From Potier’s triangle, 

Field current required to overcome armature reaction on load = FB = 26A 
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Fig. 6.70 OCCand Z pf as per data 




Synchronous Generators or Alternators 


585 


= V(3085)^ +(2748)^ = 4131V 


From OCC, the field current corresponding to 4131 V (i.e., —^ V) 

v3 

oa = If = 92 A (it leads vector OEhy 90°) 


b 



Fig. 6.71 Phaser diagram for lagging pf 
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Field current corresponding to armature reaction 

a'b' = = BE = 23 A (parallel to load current OF) 


Total field current, 


I’ = Ob' = + (a'b'f - 2oa'x a'b' X cos (90° ■ 

= yl(92f + (23)^ - 2 X 92 X 23 X cos 45° 

= ^(8464 + 529 - 1496 = 86.6 A 


Corresponding to this field current of 86.6 A, the terminal voltage from OCC is 

A!^xlOO=™y*l»xlOO 
= 24.23% (Ans.) 

(Hi) When pf, cos = 1; sin = sin cos^' 1 = 0; ^2 = 0° 

Draw the phasor diagram as shown in Fig. 6.73. 

OE" = E" = 

= 7(3810 + 500 X 0.075)^ + (500 x 0.924)^ 


5000 

S 


= 7(3847)^ + (462)^ = 3875 V 
From OCC, the field current corresponding to 3875 V 


6712x7 

i.e. —^ V 


s 


oa" = = 82A 


45°) 


2887 V 
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Field current corresponding to armature reaction 
a"b" 


Total field current, 


h = 


= BF = 23A 

(parallel to load current 01" i.e., in phase with OV) 

^J(oa")^ + {a" b" f' - 2oa" X a" b" X cos (90 + 0) 

V(80)^ + (23)^ - 0 = 85.2A 


Corresponding to this current of 85.2A, the terminal voltage from OCC is = 3897 V 

V3 

%Reg = X 100 = X 100 = 2.26% {Ans) 

V 3olU 

Example 6.31 

An open circuit, short circuit and load zero power factor tests are performed on a 6-pole, 440 V, 50 
FIz, three-phase star-connected alternator. The effective ohmic resistance between any two terminals 
of the armature is 0.4 Q. and the test results are tabulated below: 


Field current (A) 1 

2 

3 4 

5 6 

7 

8 

10 

12 

14 

16 

18 

O.C. terminal voltage (V) 70 

156 

220 288 

350 396 

440 

474 

530 

568 

592 

610 

— 

S.C. line current (A) — 

11 

— 22 

— 34 

40 

46 

57 

69 

80 

— 

— 

Zero p.f terminal voltage (V) — 

— 

— — 

— — 

0 

80 

206 

314 

398 

460 

504 


Determine the regulation at full-load current of 40 A at 0.8 power factor lagging using 

(a) synchronous impedance method, 

(b) mmf method, 

(c) Potier-triangle method 


Solution: 


Armature resistance per phase = ^ ^ 0-4 = 0.2 Q. 
Terminal voltage per phase, V = = 254 V 
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The O.C.C., S.C.C. and ZPFC are plotted as shown in Fig. 6.74. 



0 2 4 6 A 8 10 12 14 16 18 

-► Field current (A) 

Fig. 6.74 OCCand Z pf triangle 


(a) Synchronous Impedance Method 


For a field current of 7 A the open-circuit phase voltage is V and the short circuit current 

V3 

is 40 A. Therefore the synchronous impedance 

^ _ O.C. phase voltage for field current of 7A 
^ S.C. current for field current of 7A 

= = 6.351 a 

40 
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pf^ cos (j) = 0.8 lagging; cj) = cos^' 0.8 = 36.87° lag.; sin cj) = sin 36.87° = 0.6 
The phasor diagram in shown in Fig. 6.75. 

E= ^(ycos (j) + mf + (Vsin0 + IX 
= 7(254 X 0.8 + 40 X 0.2)^ + (254 x 0.6 + 40 x 6.348)^ 
= 7(211.2)^ +(406.32)^ = 458 V 
Voltage regulation = ^ ~ ^ = ‘^^^254 ^^ 

= 0.803 pu = 80.3% (Ans) 



Fig. 6.75 Phasor diagram for lagging pf (syn. impedance method) 

(b) MMF Method 

Form the given data, the field current required to give the rated phase voltage of 254 V is 7A. 
Therefore oa = I =7 A. (perpendicular to vector OE) is drawn in phasor diagram shown in 

Fig. 6.76. 



Fig. 6.76 Phasor diagram (mmf method) 
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Field current required to give full-load current of 40 A on short circuit is ab = I^^ = 1A. 

(parallel to vector 01) 


Total field current, 


^/= V^l+^i+2/,/,^cos(90 + ^) 


= V(7)^ + {if - 2 X 7 X 7 cos (90 -I- = 12.52 A 

COA 

Terminal voltage corresponding to this field current 2— = 334.86 V 

V2 

Voltage regulation, Reg = ^ ~ 254 “ (31.83%) Ans 

(c) Zero-Power Factor Method 

Referring to Fig. 6.74. 

Draw a horizontal line at rated phase voltage of 440 / Vs = 254 V to meet the ZPFC at B. On 
this line take a point C such that 

BC = OA = 7A = field current required to circulate full-load current on short circuit. 
Through C draw CD parallel to OG (the initial slope of the O.C.C.) to meet the O.C.C. at D. 

Draw the perpendicular DF on the line BC. From the Potier triangle BCD we have DF = leakage 
impedance voltage drop 

and BF = field current required to overcome armature reaction on load 

From curves shown in Fig. 6.74, 

DF = ^ = 43.3V,BF=6.0A 
V3 

IX, = 46, A, = = 1.08 n 

L ’ i. 40 

E= ^j(Vcos 0 + IR)^ + (Vsin0 -(- IX^)^ 

= 7(254 X 0.8 -t- 40 X 0.2)^ -(- (254 x 0.6 -i- 40 x 1.08)^ 

= 7(211.2)^ -(-(195.6)^ = 288V = V 

v3 


From O.C.C. the field current corresponding to 


: 288 V is 9 A. 


This current = oa =9A leads OE hy 90° 

The field current = ab = 6A is drawn parallel to current vector 01. The phase difference 
between oa and ab is (90° + 36.87°) = 126.87°) 

I^=ob= ^ll+ll-2I^^If^cos (90°+ 0) 

= J{9f + (6f - 2 X (9) X 6 X cos 126.87° = 13.5 A 
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From O.C.C., corresponding to a field current of I^= 13.5 A, 

590 

Open circuit terminal voltage is —^ = 341 V 

s 


Voltage regulation 


Eo-y 341 - 254 


V 


254 


= 0.3455 pu = 34.55% (Ans.) 


b 



Section Practice Problems 


Numerical Problems 

1. The open circuit and short circuit test readings of a singie-phase 500V,50 kVA aiternator having an 
armature resistance of 0.2 ohm are given beiow: 


Open circuit emf (in V) 

125 

250 

370 

480 

566 

640 

Short circuit current (in A) 

73 

146 

220 

- 

- 

- 

Fieid current (in A) 

5 

10 

15 

20 

25 

30 


Determine fuii-ioad voitage reguiation at 

(i) Unity p.f. (ii) 0.8 iagging p.f. and 

(iii) 0.8 ieading p.f. using ampere-turn method (Ans. Z6%; 18.4%; - 9% ) 

2. A 4160 V, 3500kVA, 50Hz, three-phase aiternator gave the foiiowing test resuits at open circuit: 

Fieid current (in A) 50 100 150 200 250 300 350 400 

Open circuit iineemf (in V) 1620 3150 4160 4750 5130 5370 5550 5650 

Fuii-ioad current fiows at short circuit when a current of 200A fiows through the fieid winding 
Negiecting the armature resistance determine fuii-ioad voitage reguiation of the aiternator at 0.8 pf 
iagging by using 

(i) Synchronous impedance method. (ii) Ampere-turn method. 

Aiso comment on the resuits. (Ans. 91.7%; 30.7%) 

3. A 5 MVA, 6600 V, 50Hz, three-phase star connected aiternator has the foiiowing test data. 

Fieid current (in A) 32 50 75 100 


140 
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OCIine voltage (in V) 3100 4900 6600 7500 8300 

Line voltage zero pf (in V) 0 1850 4250 5800 7000 

Neglecting armature resistance, determine the voltage regulation of the alternator by zero power factor 
method. (Ans. 3.33%) 

Short Answer Ty pe Questions 

Q.l. Which methods are used to determine the voitage reguiation of an aiternation? 

Ans. The methods are (/) synchronous impedance (or emf] methods, (/'/) Ampere-turn (or mmf) methods 
and {Hi) Potier (or zero power factor) method. 

Q.2. Which method of determining voitage reguiation gives pessimistic vaiue? 

Ans. Synchronous impedance (or emf) method 

Q.3. Which characteristic curves are required to he piotted for Potier method of computing voitage 
reguiation? 

Ans. OCC, see and zero power-factor full load voltage characteristic curves are required to be plotted. 


6.39 Power DevelopeiJ by Cylin(Jrical Synchronous Generators 


The simplified equivalent circuit of a cylindrical rotor synchronous generator is shown in Fig. 6.78, 
where 


V = Terminal voltage (phase value) E = Excitation voltage (phase value) 

I = armature or load current/phase cj) = /?/angle (lagging) 

5 = load angle between V and E 

The phasor diagram for the machine for inductive load is shown in Fig. 6.79. 

Synchronous impedance, 



Fig. 6.78 Equivalent circuit 


Fig. 6.79 Phasor diagram with lagging pf 
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Taking terminal voltage V (phase value) as reference vector, 

V = V± JO = VZO 

and E = EZd 

E = y + 7^ 

or 1 = 1^ 

Z. 

6.39.1 Power Output of an AC Generator (in Complex Form) 


^og - Pog + jQog - y / 


y 


E-V 

= VZ 0 

z. 



EZ„ - VZO 
ZsZe, 


= vzo 


= vzo 


fz{5-e,)-^z{-e,) 


fz{e,-5)-^ze. 


^z(e,-d)-^ze. 


y^ 


Pog + jQog = ^ [cos (0, - 5) + ;sin(0, - 5)] - ^ (cos 0, + jsin0J 


^ cos (6^ “ ^ 


+ J 


^sin (6^ - (5) - ^sin 6^ 


6.39.2 Real Power Output of an AC Generator 

Considering real part of the eqn. (vii), we get, 


^og = ^ cos (G, - ^ cos e. 


y^ 


where cos ^s~ ^ d^ = 90- 


P„g = ^ cos [90 - (a, + ^)] - |- X |- 


^ sin {d + aA - Z- X R 


y" 


P = 3 

og 


^sin (S + aA-^R 
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...(h) 

...{Hi) 

...(iv) 

-(v) 

... (vO 


.. .{vii) 


.. .{yiii) 

.. .{ix) 


(for 3-(j) generators) 
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6.39.3 Reactive Power Output of an AC Generator 

From eqn. {vii), we get 

Qog = 6^ 

= ^ sin [90 - (a, + 5)] - ^ X 
= ^ cos (5 + aj - ^ X 

2.V Z? 


G = 3 


^ co^ (5 + aj - ^ X Z 

2.V z? 


6.39.4 Power Input to an AC Generator (in Complex Form) 


S,^=P,,+jQ,,=EI 


E-V 

= EZ 5 

L 



EZ6 - VZO^ 


= EZ 6 

= EZS 


fz{d-ej-^z-e. 


fz{e, -5 )-^ze. 


= ^ze^ -^^0. +s 

z, " z, ^ 

D . VI E^ Q , E^ ■ a EV , cx EV 

Pig + jQig = ^ cose,+ ]— sm0, - — cos {0,+5)- j — 

E^ a EV m , ^ E^ ■ a ■ EV 

= — cos e, - — cos (6,+5) + J — sin 0, -j — 


6.39.5 Real Power Input to an AC Generator 

Considering real part of the eqn. (xii), we get 


Pig = Y~ ^3 “ 


= |- X ^ cos [90”-(5 - aj] 


5 5 5' 


^ sin (d - aj 
Z? z. 


...{x) 

(for 3-^ generators) 

.. .{xi) 


sin (0^ + 5) 

sin (0^-5) .. .(xii) 


.. .(xiii) 
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^,,= 3 


(for 3-^ machine) 


6.39.6 Reactive Power Input to an AC Generator 


From eqn. {xii), we get, 


Qig = ^ sm - — sin (0^ + d) 

= X sin [90 - (5 - aj] 

= $^.-f^cos (5-aJ 
Z, z^ 


...(xiv) 


Qi,= ^ cos (5-a,) 


Mech. power input to the AC generator 

^!(mech) “ ^ig'^ friction and windage loss + Core loss 


(for - 3 (j) machine) 


6.39.7 Condition for Maximum Power Output 

Output power basically depends upon load (or torque) angle 5. Therefore, condition for maximum 
power output is obtained, when 

^=0 and ^<0 
dd ps^ 

Differentiating the equation of real power output with respect to 5 and equating it to zero, we get. 

2 

d |Ksin(5 + aJ-^/? =0 ...(xv) 


dd Z 


As E, Vy Z and R are constant 

^cos (d + a ) =0 

Z„ 


or cos (d + a) = 0 


(5+a =90° 


(5 = 90° - a 


.. .(xvi) 


Thus, the output power will be maximum, when load angle, d = impedance angle 6^ 

The maximum output power can be obtained by substituting this value in the given equation, i.e., 

i90-a,+a,)-^R 


Ev p 


...{xvii) 
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6.39.8 Condition for Maximum Power Input 

To obtain this condition, put 




0 and 




< 0 


dS dd^ 

Differentiating the equation of real power input with respect to 5 and equating it to zero, we get. 


A 

d. 


^ sin (d - a;) 


0 


.{xviii) 


cos (S - a^ ) =0 


or 


cos (S - a) = 0 


or 

or 


or 

or 


(5 = 90° + 

(5 = 180° - 6>„ 


.. .(xix) 


S-= 90° 

5 = 90° + (90 - 
Thus, the input power will be maximum, when 

load angle, S = 180° - impedance angle 9^ 

The maximum input power can be obtained by substituting the value of S in given equation of 
power input, i.e.. 


/(max) 


= ^ sin [180° -e- (90° - 9)] 


EV 


= ArR + ^?,m90° =^R + ^ 


EV 


.. .(xx) 


6.39.9 Power Equations, when Armature Resistance is Neglected 

When armature resistance is neglected, R = Q\Z^ = = 0. 

Real power output [Considering equation (ix)] 

D VE ■ ^ 

Po, = ^ sm 5 

Reactive power output [Considering equation (x)] 


Q =YEcos8-^ 




Real power input [Considering equation (xiii)] 

P:, 


EV ■ o 
^sm5 = p„ 


....(xxi) 


.. .(xxii) 


.(xxiii) 


Reactive power input [Considering equation (xiv)] 
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Also, 


o(max) 


My = p. 

^ ^/(max) 


.. ixv) 


Example 6.32 

A 762 kVA, 2200 V, 50 Hz, three-phase, star connected alternator has an effective resistance of 0.6 
ohm per phase. Afield current of 30 A produces a full-load current on short circuit and a line to 
line emf of1039 V on open circuit. Determine the power angle of the alternator when it delivers full 
load at 0.8 p.f lagging. Also determine SCR of the alternator. 

Solution: 

Here, Rating= 762 kVA; = 2200 V;/= 50 Hz; three-phase 

R = 0.6 Q, If= 30 A; / ^ = y, = 1039 V 


cos (j) = 0.8; sin cj) = sin cos ^ 0.8 = 0.6 


762 X1000 




I ^ ^ ^ """" = 200 A ; y = -^ = = 1270 V 


2200 


^oc(phase) 

z = 


V3 X 2200 

1039 

s 




= 600 V 


600 

200 


Power developed per phase 


EV ■ X 
— smS 


sin 5 = 


3Q.;X^= - R^ = V(3)^ - (0.6)^ = 2.94 Q. 

^(V cos 0 + IRf (y sin 0 -I- IX 

7(1270 X 0.8 + 200 X 0.6)^ -t (1270 x 0.6 -i- 200 x 2.94)^ 

7(1136)^ -I- (1350)^ = 1764 V 


kVA X 1000 X cos ^ 1764x1270. ^ 762x1000x0.8 

-- - or--sin o = -r- 


762 X 1000 X 0.8 X 2.94 
3 X 1764 X 1270 


2.94 


= 0.267 


(5 = sin-1 0.267 = 15.47° (Ans.) 


SCR of the alternator = ^ ^ = 0.34 {Ans) 


6.40 Two-Reactance Concept for Salient Pole Synchronous Machines 

In case of a multi-polar cylindrical rotor machine, the airgap is uniform and therefore, its reactance 
remains the same, irrespective of the rotor position. The effect of armature reaction, fluxes and 
voltages induced can, therefore, be treated in a simple way with concept of a synchronous reactance 
and taking it as constant for all positions of field poles with respect to the armature. But in case of 
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a salient pole synchronous machine, the air-gap is non-uniform due to which its reactance varies 
with the rotor position. Therefore, a salient pole machine possesses two axes of geometric symmetry 

(i) field pole axis, called direct axis or d-axis and 

(ii) axis passing through the centres of the inter-polar space, called the quadrature axis or q-axis, 
These axes are shown in Fig. 6.80. In case of a cylindrical rotor machines, there is only one 
axis of symmetry (pole axis or direct axis). 

Quadrature 

or 



Fig. 6.80 Representation of d-axis and q-axis 

Thus, for salient pole machines, the reluctance of the magnetic paths on which the induced emf 
depends, acts differently along the direct axis and quadrature axis. The reluctance of the direct axis 
magnetic circuit is due to yoke and teeth of the stator, air-gap, and pole shoe and core of the rotor. In 
quadrature axis, the reluctance is mainly due to large air-gap in the interpolar space. 

Thus it is observed that because of non-uniformity of the reluctance of the magnetic paths, the 
mmf of the armature is divided into two components namely: 

(i) a direct acting component and (ii) a quadrature (or cross) component. 

We have seen that when armature current is in phase with the excitation voltage E the entire mmf 
of the armature acts at right angles to the axis of the salient poles and, therefore, all the armature 
mmf is in quadrature. But, if the armature current is in quadrature with the excitation voltage E, the 
entire mmf of the armature acts directly along the magnetic axis of the salient poles. Hence, all of 
the armature mmf is either added or subtracted from the mmf of the salient pole field. However when 
the phase difference between armature current and excitation voltage, is of some angle in between 0 
and 90°, the armature mmf will have both a direct acting and a quadrature component. The direct- 
acting component is proportional to the sine of the phase angle between the armature current and 
excitation voltage, whereas the quadrature (or cross) component is proportional to the cosine of the 
phase angle between the armature current and the excitation voltage. 

The two reactance concept is similar to the synchronous impedance concept where the effect of 
armature reaction is taken into account by means of equivalent armature reactance voltage. Since, 
there is difference in the reluctance of the magnetic paths upon which the two components of the 
armature mmf act, the value of the equivalent reactance for the direct component of armature mmf 
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is greater than the value of the equivalent reactance for the quadrature component of the armature 
mmf. Thus the two-reactance concept for salient-pole machines replaces the effect of armature 
reaction by two fictitious voltages. These reactance voltages are respectively and where 
and are the components of the armature current along direct and quadrature axis respectively. 
Each of these components of armature current also, produce a leakage-reactance voltage caused by 
the armature leakage flux. However, the armature leakage reactance exists is assumed to have the 
same value X^ for both components of the armature current. Therefore, synchronous reactance for 
each component of the armature mmf is as follows: 

Synchronous reactance for direct axis, 




Synchronous reactance for quadrature axis. 


X =X +X, 

q aq L 


The voltage equation for each phase of the armature based on the two-reactance concept, 
V =Eo-T,- IdX, - TX 


Usually, for salient pole synchronous machines X = 0.6 to 0.7 times X, whereas in cylindrical 


rotor machines X =X, 

q a 


6.40.1 Determination of \ and by Low Voltage Slip Test 

To determine the value of X^ and X^ a low voltage slip test is performed on the machine, as described 
below: 

Step-I: The circuit is arranged as shown in Fig. 6.81. 


3-<pAC 
supply 

Rotor Stator 

Fig. 6.81 Circuit for iow-voitage test 



Step-II: A three-phase balanced reduced voltage (say V volt) is applied to the stator winding of the 
unexcited machine operating at a speed little less than its synchronous speed (slip being less than 1%). 
Step-III: Using oscillographs, measure and draw the wave shapes of the voltage applied across 
armature winding, current flowing through it and the voltage induced in the field winding (see Fig. 
6.82) 

Theory: When low voltage V is applied to the stator winding, a current I flows through it which 
produces stator mmf. This stator mmf moves slowly relative to the poles and induces an emf in the 
circuit at slip frequency. 
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When the axis of the poles and axis of the armature reaction mmf wave, coincide, the armature 
mm/acts through the field magnetic circuit. The voltage applied to the armature is then equal to drop 
caused by the direct component of armature reaction reactance and leakage reactance. 



Fig. 6.82 Wave diagrams for applied voltage and armature current 


When the armature reaction mmf is in quadrature with the field poles, the applied voltage is equal 
to the leakage reactance drop plus the equivalent voltage drop of the corresponding field component. 
Accordingly, the value and is determined from the oscillograph record as mentioned below: 

^ _ Maximum voltage ^ ^ _ Minimum voltage 
‘‘ Minimum current v Maximum current 


6.41 Construction of Phasor Diagram for Two-Reaction Concept 

To construct the phasor diagram for two reaction concept, the values of X^ and X^ must be known. 
The following steps are used in sequence to draw a phasor diagram: 

(i) Taking voltage phasor as a reference vector, the current phasor 01 is drawn lagging behind the 
voltage vector by an angle cj) depending upon the load conditions as shown in Fig. 6.83. 
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(»■) From the extreme point of the voltage phasor a line parallel to current phasor 01 and equal to 
IR is drawn. 

(Hi) From the extreme point of the phasor IR a line perpendicular to current phasor 01 and equal to 
IX is drawn 

(iv) Draw a line from the origin O passing through the extreme point of IX^ phasor. This line gives 
the direction of excitation voltage E^. 

(v) Knowing the direction of the currents and are drawn and their values are determined. 

(vi) From extreme point of vector IR, draw a vector I perpendicular to and I^X^ from the 

extreme point of vector I as shown in Fig. 6.83, perpendicular to 
(yii) By adding vectorially IjX^ and X^ to extremity of phasor IR, the magnitude of excitation 
voltage Eq is determined. 

The angle 6 between E^ and I is called the internal power factor angle whereas, the angle 5 
between E^ and V is called the load or power angle. 

The phasor diagram is redrawn in Fig. 6.84 taking E^ in horizontal direction. 

From Fig. 6.84 



Ij = I sin 9,1^ = 1 cos 9 
In right Z triangle BEE, 

ZBFE = 9 (since line BE is perpendicular to phasor 01 and line EE is perpendicular to phasor 
Eq. Again redrawing the phasor diagram with extended lines is shown in Fig. 6.85. 



Fig. 6.85 Phasor diagram considering armature 
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From AOGF 


tan (9 = ^ = GB + BF ^ HA + BF 
OG OH + HG DF + AE 

Vsin (j) + IX^ 

V cos (j) + IR 


(for* generating action) .. .(0 


V sin (l)-IX„ , V Sind) + IX^, 

_I_1 Qj. Q — tan~*_-_ — 

V cos 0 - IR^ V cos 0 + IR^ 


...(») 


Load angle 5 = 0 - (j) (for* generating action) 


For lagging power factor, angle 0 is taken as +ve but for leading power factor it is taken as -ve. 
Usually, the value armature resistance is so small as compared to reactance that it is neglected, 
then the phasor diagram becomes as shown in Fig. 6.86.The load angle 5 can be determined directly 
as below: 



Fig. 6.86 Phasor diagram neglecting armature resistance 



0= 

9- (j) (generating action) 



or 

e = 

0 -H (5 in general 


.. .{Hi) 

Direct 

-axis component, = 

/sin 9 = 1 sin (0H- 0) 


...iiv) 

Quadrature axis component. 

I = I cos 9=1 cos (0 H- 0) 


■ ■■(v) 


y sin (5 = 

IX =Icos9X =IX cos 

q q q q 

(0+0) 

...iyi) 


= 

IX (cos 0 cos 0 - sin 0 sin 

0) 


or 

y sin (5 = 

IX cos 0 cos 5-IX sin 0 

sin 0 


or 

y = 

IX cos 0 cot 5-IX sin 0 
q ^ q ^ 



or 

IX^ cos 0 cot 5 = 

V+IX^sin 0 





IX„ cos 0 



or 

tan 5 = 



...(vii) 



y + IX^ sin 0 



1/ sin0 - tX„ 

* For motoring action, tan 0= t -. --— 

1/ cos 0 - //? 
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If R is neglected, Eq = V cos S +1.. .(yiii) 
Ifis considered, = Vcos 5 + IR cos 9 + IVco& 5 + I^R + I...(ix) 

*Note: For motoring action, all the equations will be as mentioned below: 

5 = tp-9 or 9=tp-5 


Ij = I sin {(j)- 5) 

I^ = I cos {(j) - S) 

V = IX cos (j) cot 5+ IX sin tj) 

q q 


tan 5 = 


IX^ cos 0 
V - IX^ sin 0 


Eq = Vcos 5-1 (when R is neglected) 

= V cos 5- IR cos 9 - I^X^ (when R is considered) 


6.42 Power Developed by a Salient Pole Synchronous Generator 


(Neglecting mechanical losses) 

Power developed per phase, 

= Power output (P^^) per phase 

= VI cos 0 considering that R or copper loss is negligible 

Referring Fig. 6.86 

IJ{j = Eq-V cos 5 ...(ii) 

Also I cos 0 = /^ sin (5 + cos 5 
Therefore, power developed per phase, P = VI^ sin 5 + VI^ cos 5 
Substituting values of and I , we get, 


P= V. 


Eq V cos 5 ysin0 ^ 

———-smo + V .———cos o 

X J A _ 


EqV y2 w2 

sin 5 - sin0 cos 5 + sin0 cos 5 


sin S + V^ -7-sin 5 cos S 

K. J J\. JC 1 

a \_ q a _ 


"0 • c, y 1 1 • oc 

-^smO+—r- —-- sm 20 


2 X X, 

q a 



Electrical Machines 


604 


For 3-phase synchronous generators, power developed will be, 


P = 




sin 5 + 


3y^ 

2 




q 


1 


sin 25 


From the above expression, it is very clear that power developed consists of two terms, the first 
term representing power due to excitation and the second term represents the reluctance power i.e., 
power due to salient rotor construction. In case of a cylindrical rotor machine and hence the 

second term becomes zero and the power is given by the first term only. 


Example 6.33 

A three-phase star-connected salient pole synchronous generator is driven at a speed slightly less 
then synchronous speed with open circuited field winding. Its stator is supplied from a balanced 
three-phase supply. Voltmeter connected across the line gave minimum and maximum readings 
of 2810 and 2830 volt. The line current varies between 365 and 280 ampere. Find the direct and 
quadrature axis synchronous reactances per phase. Neglect armature resistance. 


Solution: 

Maximum voltage = 2830 V 
Minimum voltage = 2810 V 
Maximum current = 365 A 


Minimum current = 280 A 


Direct-axis synchronous reactance, per phase, 

_ Maximum voltage / Phase 
Minimum current 


A, 


2830 

73x280 


= 5.83 £2 {Ans) 


Quadrature synchronous reactance, per phase. 

Minimum voltage / phase 


A = 

9 


Maximum current 
2810 


T^X 280 


: 4.44 Q {Ans) 


Example 6.34 

A three-phase, 3300 V, 50 Hz, star-connected alternator has an effective resistance of 0.5 D/phase. 
Afield current of 30 A produces full-load current of 180 A on short-circuit and a line to line emfof 
1000 V on open circuit. Determine 

(i) the power angle of the alternator when it delivers full-load at 0.8 pf (lag) 

(ii) the SCR of the alternator. 


Solution: 

Here, V^ = 3300 V: = I =180 A: Ij= 30 A: =1000 V, R = 0.5 £2 / phase 
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Phase voltage, V = ^ = = 1905 V 

V3 V3 

Synchronous impedance per phase, Z = phase voltage same field current 

^ SC current per phase 

_ 1000 / V3 _ o oi o 
“ 180 

Synchronous impedance per phase, = -y/(3zl)^^-^(h5^ = 3.165 Q 

cos (j) =0.8 lagging; sin cj) = sin cos‘^0.8 = 0.6 

Open-circuit voltage per phase, E = sj (V cos (j) + IR + (V sin (j) + IX^ 

= 7(1905 X 0.8 -I- 180 X 0.5)^ -t (1905 x 0.6 -(-180 x 3.165)^ 

= 7(1614)^ +{\ll2.lf = 2353 V 
Power output per phase, P =V I cos (j) = 1905 xl80 x 0.8 = 274320 W 


Power developed per phase due to field excitation 


(0 


p 

sin 5 

Power angle of alternator 6 


sin 5 neglecting losses 
X. 

s 

^^s ^ 274320 X 3.165 
EV 2353 X 1905 

sin-1 Q J937 ^ iijyo ^ 


(ii) SCR of alternator = = } = 0.316 (Ans.) 

X 3.165 
s 

Example 6.35 

A three-phase, star-connected salient pole, alternator at 4.5 MVA, 6000 V, has a resistance of 2% 
and leakage reactance of 10%. Afield current of 60 A produces short-circuit armature current equal 
to full-load current. The armature cross-reaction per armature turn is half of the direct reaction. 
The open-circuit characteristic is as follows: 

Field current in ampere 30 50 75 100 140 

Terminal voltage in volt 2906 4700 6600 7500 8300 

Find the percentage regulation on full load at a power factor of 0.8 (lagging) 


Solution: 

Converting terminal line voltage to phase voltages: 

Field current in A: 30 50 75 100 140 

O.C. phase voltage in V: 2906 / V3 4700 / V3 6600 / V3 7500 / Vs 8300 / Vs 

1678 

The OCC is drawn as shown in Fig. 6.87 


2714 


3810 


4330 


4792 
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G 



The phasor diagram for full load 0.8 power factor (lagging) is drawn as shown in Fig. 6.88, 


where, 


OA 

AB 

BC 

OC 

E 


V = 


6000 

S 


= 3464 V (phase value) = 100% 


1.5% drawn parallel to current vector 01 
10 % drawn quadrature to 01 
is the vector sum of OA, AB and BC 

OC7(100 + 1.5cos^ + lOsin0)^ +(10cos^ K1.5sin^)^ 


7(100 +1.5 X 0.8 +10 X 0.6)^ + (10 x 0.8 K 1.5 x 0.6)^ 
7(107.2)^+(7.1)^ = 107.43% = 


3464x107.43 

100 


= 3721.5V 


From OCC the field excitation corresponding to 3721.5 V, / = 70A. 

Now, draw vector OD perpendicular to OC (i.e., E) to represent excitation required to induce E, 
equivalent to 70A. 

Draw DE = 60A, parallel to 01, to represent excitation equivalent to full-load armature reaction 
on short circuit. 

The vector DE is divided at X such that DX = K. DE where K is the ratio of the cross- reaction to 
the direct reaction per ampere-turn. In this case K = 0.5 therefore, DX = EX. 

Now draw a line OX and extend it. Draw a perpendicular from E on this line to meet at E. Then 
OE is the exciting current required to balance the direct reaction (DG), to balance cross-reaction 
(GE) and full load exciting field (OD). 

By measurement OF = 113 A 

The emf generated corresponding to excitation of 113 ampere = 4700V 
Percentage regulation = X 100 = 35.7% (Ans.) 
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Example 6.36 

A three-phase alternator has a direct axis synchronous reactance of 1.0 pu and a quadrature axis 
synchronous reactance of 0.65 pu per phase. When the machine is operating at full load at a pf of 
0.8 lagging, draw the phase diagram and estimate from there (i) the load angle and (ii) pu no-load 
emf Neglect armature resistance. 

Solution: 

Here, X^ = 1.0 pu; = 0.65 pu; cos f = 0.8 lagging 
Terminal voltage, V = 1.0 pu 
Armature current, I = 1.0 pu 
Now, cos (j) = 0.8; sin f = sin cos“^0.8 = 0.6 
(/) The phasor diagram is (shown in Fig. 6.89) 



From rt. angle triangle OIF 


a_ IF _ lA + AF _ Vsm(l)-i-IX^ 
01 01 V cos (j) 


1 X 0.6 + 1 X 0.65 


= 1.5625 


and 


1x0.8 

6 >=tan-' 1.5625 = 57.38° 

(ii) Load angle, 5= 9-(j) = 57.38° - 36.87° = 20.51° (Ans.) 

Direct-axis component of current, /^ = / sin 0 = 1 x sin 57.38° = 0.8423 p u 
No-load emf, Eq = V cos d-¥ I^X^ 

= 1.0 X cos 20.51° H- 0.8423 x 1.0 = 1.7789 (Ans) 


Example 6.37 

The direct and quadrature axis synchronous reactances of a three-phase, 6.6 kV, 4 MVA, 32 salient 
pole alternator are 9 and 60 ohm respectively. Determine its regulation and excitation emf needed 
to maintain 6.6 kV at the terminals when supplying a load of 2.5 MVA at 0.8 pf lagging. What 
maximum power can this alternator supply at the rated terminal voltage if the field becomes open 
circuited? Neglect armature resistance. 
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Solution: 


Here, = 6600V; cos (j) = 0.8 lagging; = 9Q; = 6 Q 

Terminal voltage per phase, V = = 3810 V 

V3 


Armature current, /: 


2.5 X 10'’ 


V3 X 6600 X 0.8 
cj) = 0 . 8 ; sin cj) = sin cos^' 0.8 = 0.6 


= 273.37 A 


tan 5 = 


IX cos 0 

q ^ 

V + IX Sint 

q ' 


273.37 X 6 X 0.8 
3810 + 273.37 x6 x0.6 


= 0.2737 


or 5= tan-' 0.2737 = 15.3° 

Angle, 9= 0+5= 36.87 + 15.3 = 52.17° 

Direct-axis component of current, /^ = / sin 9= TTh.in sin 52.17° = 216 A 
Excitation voltage per phase, Eq = V cos 5 + 1jX^ 

= 3810 X cos 15.3° + 216 X 9 = 5619 V 
Excitation voltage (line value) = V3 X 5619 = 9732 V (Ans.) 

Percentage regulation = X 100 = 47.48% (Ans.) 

3810 

r 

y T 2 1 

When the field is open-circuited, the power developed = — -- sin 25 . 

Z X. X J 
q a _ 

The power developed will be maximum for sin 25 = 1 and so the maximum power, that the 
alternator can supply at the rated terminal voltage, with field open-circuited. 


2 A 


(6600)’ 

2 


i_ i’ 

_6 9_ 


^ - ^ = 1210000 W or 1.21 MW (Ans.) 


Example 6.38 

A 3-phase, star connected, 10 kVA, 400 V, salient pole alternator with direct and quadrature axis 
reactances of 15 ohm and 8 ohm respectively, delivers full-load current at 0.8 power factor lagging. 
Calculate the excitation voltage, neglecting resistance. 

Solution: 

Here, = 400 V; lOkVA; X^ = 1511; = 8 Q; cos 0 = 0.8 lagging 

Terminal voltage per phase, V = = 231 V 

V3 

Armature current, 1 = X 1000 ^ 10 X 1000 ^ ^4 43 ^ 

SVr V3X400 
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cos (j) - 0.8; sin cj) = sin cos ^0.8 = sin 36.87° = 0.6 


Now, tan 5 

Load angle, 5 
Angle, 0 

Direct-axis component of current, 

Excitation voltage, Eq 

Excitation line voltage, 


IX cos 0 

q ^ 

V + IX Sint 

q ' 


14.43 X 8 X 0.8 
231H-14.43x8x0.6 


0.3076 


tan-' 0.3076 = 17.1° 

5+(j)= 17.1° H- 36.87° = 53.97° 

/sin 6 >= 14.43 x sin 53.97° = 11.67 A 
V cos S +1jX^ = 231 cos 17.10° + 11.67 x 15 
396 V 

73 X 396 = 686 V (Ans.) 


Example 6.39 

The armature of a three-phase, star-connected, 10 kVA, 400 V, 50 Hz salient pole alternator has 
a resistance of 1 ohm per phase. Its direct and quadrature axis reactances are 15 ohm and 9 ohm 
respectively. The machine is delivering rated load at rated voltage and pfO.8 lagging. If the load angle 
is 17°, find (i) The direct axis and quadrature axis component of armature current, (ii) excitation 
voltage of the generator. 


Solution: 


Here, = 400 V; /? = IQ; A^= 15Q; = 9Q; cos 0= 0.8 lagging; S= 17° 
cos 0 = 0.8 lagging; 0 = cos-*0.8 = 36.87°; sin 0 = sin 36.87° = 0.6 


Terminal voltage per phase, V = 
Armature, I = 

Phaser diagram is shown in Fig. 6.90. 


4TO ^ 231V 

73 

kVA X 1000 


10 X1000 

73 X 400 


14.43 A 



tan 6> = -^ = GB +BE ^ V' sin 0 -t IX^ 
OG OH -y HG V cos0 -h IR 


Determination of angle 0, 
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^ 231 x0.6 + 14.43 x 9 ^ , . 47 . 

231 X 0.8 + 14.43 x 1 

6 >= tan-' 1.3475 = 53.42° 

Direct-axis component of armature current, /^ = / sin 9= 14.43 sin 53.42° = 11.59 A (Ans.) 
Quadrature-axis component of armature current, I^ = I cos 6= 14.43 cos 53.42° = 8.6 A (Ans.) 
Excitation voltage, Eq = V cos 5 + I^R +1 

= 231 cos 16.15° + 8.6 X 1 + 11.59 x 15 
= 221.88 + 8.6 + 173.85 = 404.33 V 
= V3 X 404.33 = 700 V {Ans) 

Section Practice Problems 


Numerical Problems 

1. A three-phase star-connected salient pole synchronous generator is driven at a speed slightly less than 

synchronous speed with open circuited field winding. Its stator is supplied from a balanced three-phase 
supply. Voltmeter connected across the line gave maximum and minimum readings of 2820 and 2800 volt. 
The line current varies between 275 and 360 ampere. Find the direct and quadrature axis synchronous 
reactances per phase. Neglect armature resistance. (Ans. 5.92 ohm, 4.5 ohm) 

2. A three-phase, star-connected salient pole, alternator at 5000 kVA, 6 kV, has a resistance of 1.5% and 
leakage reactance of 10%. A field current of 60 A produces short-circuit armature current equal to full¬ 
load current. The armature cross-reaction per armature turn is half of the direct reaction. The open-circuit 
characteristic is as follows: 

Field current in ampere 25 50 75 100 140 

Terminal voltage in volt 2340 4700 6600 7500 8300 

Find the percentage regulation on full load at a power factor of 0.8 (lagging) by mmf method. 

(Ans. 23.94%) 

3. The direct and quadrature axis synchronous reactances of a three-phase, star connected, 3500 kVA, 
6600 V, 32-pole salient pole alternator are 9.6 and 6 ohm, respectively, when measured by the slip test. 
If armature resistance is neglected, determine; (i) Regulation and excitation emf required to maintain the 
rated voltage at the terminals when delivering a load of 2500 kW at 0.8 pf lagging, (ii) What maximum 
power can this machine supply at the rated terminal voltage if the field becomes open-circuited? 

(Ans. 1361 kW) 

4. A10 kVA, 4380 V, 50 FIz, three-phase, star-connected salient pole synchronous generator has direct axis 
and quadrature axis reactances of 12 Q and 8 Q respectively. The armature has a resistance of 1 n per 
phase. The generator delivers rated load at 0.8 pf lagging with the terminal voltage being maintained at 
rated value. If the load angle is 16.15°, determine. 

(i) the direct axis and quadrature axis components of armature current, 

(ii) excitation voltage of the generator. {lkns.12.14A,9.14A:633V) 
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Shor t Answer Type Ques tions 

Q.1. What is the use of slip test performed on an alternator? 

Ans. It is performed to determine the vaiue of synchronous reactance for direct axis Xd and synchronous 
reactance for quadrature axis Xq. 

Q.2. Why two reaction theory is applied only to salient pole synchronous machines? 

Ans. In case of salient pole machines, the air-gap is not uniform and its reactance varies with the rotor 
position. Because of this non-uniformity of the reactance of the magnetic paths, the mmf of the armature 
is divided into two components called direct-acting component along the field pole axis /.e direct-axis 
and quadrature-component along the axis passing through the centre of the two consecutive salient 
poles i.e., quadrature axis. 

Q.3. What are the factors on which the power angle d depends? 

Ans. The power angle d depends upon the following factors: 

(/) Supply voltage (//) armature current 

{Hi) load power factor and (/V) quadrature component of synchronous reactance. 

Q.4. How the value of SCR affect the stahility limit? 

Ans. We know Xd =, smaller the value of SCR, larger is the value of Xd. Now maximum power output of a 
machine is inversely proportional to Xd. 

Hence, larger the value of Xd lower will be the stability. 

Thus, smaller the value of SCR lower will be the stability limit. 


6.43 Transients in Alternators 

A sudden change in the operating conditions of an alternator causes transients. Transients may occur 
due to 

(i) Switching 

(ii) Sudden change of load 

(Hi) Short -circuiting (either line-to line or line to neutral or short circuiting of all the terminals) 

The short-circuiting of thermals may develop severe mechanical stresses on the armature winding 
which may damage the machine or its prime-mover. 

Therefore, it is desirable to analyse the synchronous machines under such conditions to predict 
the possible conditions that may occur due to these abnormal operations. 

The complete analysis of transient conditions that may occur due to short - circuiting is quite 
extensive and beyond the scope of this book. However, we shall limit our discussions regarding this 
phenomena to the extent that how to determine the short-circuit transient currents and the reactance 
that limit these currents. 

The analysis of transients depends upon two fundamental facts i.e., 

(i) The current in an inductive circuit cannot change instantly and 

(ii) The theory of constant flux linkages which states that flux linkages cannot change with a closed 
circuit having zero resistance and no source. 
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Consider a three-phase alternator running at synchronous speed with its DC field excitation, 
without any load. When a short-circuit occurs at its terminals, the resulting currents in the three 
phases will develop as shown in Fig. 6.91. 





Fig. 6.91 Wave diagram of currents on the three-phases 


The armature current in each phase has an AC as well as DC component. The AC component 
corresponds to the armature current required to oppose the time varying flux produced by the field 
winding as it rotates and the DC component corresponds to the initial flux linkages exist at the 
instant of short circuit. The net resultant of these currents produces the armature flux linkages. Each 
phase of armature keeps its initial flux linkages constant. The similar effects occur in the rotor field 
winding and these actions occur simultaneously. 

Most of the synchronous machines have damper winding which has resistance, self-inductance 
and mutual inductance with respect to armature and field windings. This winding also affects the 
short circuit currents. 

The transient conditions (currents) do not remain indefinitely. These tend to decay due to resistance 
of armature and field winding, as shown in Fig. 6.92. 
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Fig. 6.92 Symmetrical short-circuit stator current in synchronous machine 

As the voltage at the three phases are 120° out of phase, the short circuit occur at different voltages 
at the three phases. Accordingly the AC component of currents, at the instant of short circuit, is 
different in each phase. As a result the DC component of armature current is also different in each 
phase. The total initial current in about 1.5 times AC component of current. 

As shown in Fig. 6.92, the AC component of current can be divided into three distinct periods 

(i) Sub transient period: During one cycle or so, the AC current is very large and falls very rapidly. 
This period of time is called subtransient period and the rms value of AC current flowing during 
this period is called sub-transient current (/"). This current is developed due to the effect of 
both damper and field winding. It falls quickly with a time constant Tf 

(ii) Transient period: After sub-transient period, the current continues to fall but at slow rate till it 
attains a steady value. This period of slow decay is called transient period and the rms value 
of AC current during this period is called transient current (T). it is caused in the field winding 
at the instant of short circuit. The time constant of transient period (TJ) is much longer (nearly 
5 times) than the sub-transient time period. It is because the time constant of field winding 
circuit is much longer than damper winding circuit. 

(iii) Steady state period: After transient period, the short circuit current reaches a steady state value 

It persists as long the circuit is not opened by some protective device. 

It is possible to observe the three periods of current if the rms value of AC component is plotted as 
a function of time on a semi-log scale, as shown in Fig. 6.93. Accordingly, it is possible to determine 
the time constants TJ' and TJ from such a plot. 

6.43.1 Sub-transient, Transient and Direct-Reactance 

Sub-transient current /" is the rms value of the initial current which occur at the instant of short 
circuit (i.e., oa V2) the corresponding value of reactance is known as direct axis sub-transient 
reactance (XJ'). 
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The transient current envelope cuts the y-axis at point b (see Fig. 6.92). /' is the rms value of 
transient current (i.e., ob V2 ) and the corresponding value of reactance is called direct axis transient 
reactance (X^). 

Similarly, the rms value of the current represented by intercept oc (i.e., oc -sfz ) is known as steady 
state short circuit current and the corresponding reactance is called the direct axis reactance 


Thus 


, „ _ _ sI2Eq 

d /" oa 

^ f _ _ 'J^Eq 

‘‘ r ob 


■ ■ ■ (0 

...(ii) 



0 1 2 3 4 5 6 


-► TIME,(t) 

Fig. 6.93 Graph for transient current 


Where E^ is the rms value of the open circuit voltage per phase. 
Also, 


T7 17 17 

and / - — 

^ ^ ~ v he - V 


X, 


X' 


X, 


The rms value of current at any time t [i.e., I(t)] after short circuit can be determined by the equation 


lit) = (/" - I')e 


-t / r; 




-t / T' 


+ I 


sc 


...iiv) 


Example 6.40 

A three-phase, llkV 100 MVA synchronous generator is running at synchronous speed with rated 
voltage at no-load. Suddenly, a short circuit fault develops at its terminals, the per unit reactances are 

X'f = 0.15; XJ = 0.25; X^ = 1.0 
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The time constants are TJ' = 0.05 s and TJ = 1.2 s and the initial DC component in such that 
the total current is 1.8 times of the initial AC component of current. Find 

(i) AC component of current at the instant of short circuit 

(ii) total current at the instant of short circuit 
(Hi) AC component of current after 2 cycles 
(iv) AC component of current after 4 s 


Solution: 

Here, V^ = U kV; rating = 100 MVA; TJ' = 0.05 s; TJ =1.2 s 


XJ' = 0.15 pu; XJ = 0.25 pu; X^ = 1.0 pu 


Base current (full-load) 


MVA X 10^ 

Vs X in kV X 10^ 


100 X10^ 
Vs X 11 X 10^ 


5248.6 A 


(i) Sub-transient current i.e., AC component of current at the instant of short circuit, 


/" = ^ = ^ = 6.667 pu = 6.667 x 5248.6 = 34991 A (Ans.) 
Aj 0.15 

(ii) Total current (AC plus DC) at the instant of fault 


= 1.8 X 7" = 1.8 X S4991 = 62983 A (Ans.) 

Transient current, /' = = 4.0 pu = 4.0 x 5248.6 = 20994.4 A 

Steady-state short circuit current, 

j £ 10 1 n 

= 1.0 X 5248.6 = 5248.6 A 


(Hi) The AC component of current after time (t) 




-t I T' 


I(t) = (I" - I')e d +(1' - hc)e d +1. 


'sc 


Here t = — = 0.04 s 


-0.04 / 0.05 


I(t) = (34991 - 20994.4)e -t- (20994.4 - 5248.6)e 

= 6288.7 H- 15229.3 h- 5248.6 = 26766.6 A (Ans.) 

(iv) When t = 4 s 


-0.04 / 1.2 


-t 5248.6 


/(f) = (34991 - 20994.4)e ^ -I- (20994.4 - 5248.6)e 4 / 1.2 5248.6 


= 0 -H 561.4 H- 5248.6 = 5810 A (Ans) 
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6.44 Losses in a Synchronous Machine and Efficiency 

A synchronous machine is used to convert mechanical energy into electrical energy or vice-versa. 
While doing so, the whole of input energy does not appear at the output but a part of it is lost in the 
form of heat in the surroundings. This wasted energy is called losses in the machine. 

These losses affect the efficiency of the machine. A reduction in these losses leads to higher 
efficiency. Thus, the major objective in the design of a synchronous machine is to reduce these losses. 
The various losses occurring in a synchronous machine can be sub-divided as: 

1. Copper losses. 

2. Iron losses. 

3. Mechanical losses 

4. Stray losses 

1. Copper losses: The various windings of the synchronous machine such as armature and field 
winding are made of copper and have some resistance. When current flows through them, there 
will be power loss proportional to the square of their respective currents. These power losses 
are called copper losses. 

In general, the various copper losses in a synchronous machine are: 

(i) Armature copper loss = fiR 

(ii) Field winding copper loss = I^Rj, 

(Hi) Brush contact loss = 7^/?^ 

The brush contact loss is generally included in field winding copper losses. 

2. Iron losses: The losses which occur in the iron parts of the DC machine are called iron losses 
or core losses or magnetic losses. These losses consist of the following: 

(i) Hysteresis loss: Whenever a magnetic material is subjected to reversal of magnetic flux, 
this loss occurs. It is due to retentivity (a property) of the magnetic material. It is expressed 
with reasonable accuracy by the following expression: 

Ph = K, VfBlf 

where, 7f^ = hysteresis constant in J/m^ i.e., energy loss per unit volume of magnetic material 
during one magnetic reversal, its value depends upon nature of material; 

V = volume of magnetic material in m^. 

/= frequency of magnetic reversal in cycle/second and 
= maximum flux density in the magnetic material in tesla. 

It occurs in the armature (stator core). To minimise this loss, the armature core is made 
of silicon steel which has low hysteresis constant. 

(ii) Eddy current loss: When flux linking with the magnetic material changes (or flux is cut 
by the magnetic material) an emf is induced in it which circulates eddy currents through 
it. These eddy currents produce eddy current loss in the form of heat. It is expressed with 
reasonable accuracy by the expression: 

P =KVffiBf 

where, = constant called co-efficient of eddy current, its value depends upon the nature 
of magnetic material; 
t = thickness of lamination in m; 
y, fandZl are the same as above. 
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The major part of this loss occur in the armature core. To minimise this loss, the armature 
core is laminated into thin sheets (0-3 to 0-5 mm) since this loss is directly proportional 
to the square of thickness of the laminations. 

3. Mechanical losses: As the field system of a synchronous machine is a rotating part, some power 
is required to overcome: 

(i) Air friction of rotating field system (windage loss). 

{ii) Friction at the bearing and friction between brushes and slip rings (friction loss). 

These losses are known as mechanical losses. To reduce these losses proper lubrication is done 
at the bearings. 

4. Stray losses. In addition to the iron losses, the core losses are also caused by distortion of the 
magnetic field under load conditions and losses in insulation of armature and field winding, these 
losses are called stray lasses. These losses are also included while determining the efficiency 
of synchronous machines. 


Efficiency of a synchronons Generator 

The ratio of output power to the input power of a synchronous generator is called its efficiency. 


Efficiency, 77 : 


Output _ Input - Losses 


Also, 


77 = 


Input 
Output 

Output + Losses 


Input 


= 1 - 


Losses 

Input 


6.45 Power Flow Diagram 


The power flow diagram for a synchronous machine working as a generation is shown in Fig. 6.94 


Input (a)Tm) 
Mech. power 


Power Developed 

Power Developed = Input _ Copper Loss 

- Excitor Loss - Iron Loss = Elect. Power 



6.46 Necessity of Cooling 

In the synchronous machine, following are the main losses; 

(0 Copper losses (ii) Iron losses iiii) Mechanical losses. 

Because of these losses heat is produced which increases the temperature of the machine. This 
rise in temperature deteriorates the dielectric strength and ability to withstand mechanical stresses 
of the insulation. Thus it reduces the life of insulation on which life of machine depends. The rise 
in temperature further increases the losses and reduces the efficiency. Hence the rise in temperature 
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is very harmful for the electrical machines. Therefore, various means are adopted to dissipate this 
heat into the atmosphere and to reduce the temperature of machine. At a stage when the rate of heat 
production becomes equal to the rate of heat dissipation, final temperature is achieved. Hence, to 
keep the temperature of the machine within the limits, efficient cooling method is necessary. 


6.47 Methods of Cooling 

Cooling methods of synchronous machine are broadly divided into; 

(i) Open-circuit cooling {ii) Closed-circuit cooling 

(t) Open-Circuit Cooling: In an open-circuit cooling system, a machine is cooled by the intake 
of cold air taken from atmosphere, which passes through the machine and is expelled into the 
atmosphere. 

To prevent clogging of the machine with dust which air always contains, a filter may be mounted 
at the air intake, but it must be frequently cleaned. However, the filter increases the resistance 
to air flow, requiring addition fan power. 


Fig. 6.95 Open circuit cooling 

In this method, fans are mounted on the rotor shaft which induces a stream of air flow into the 
machine. The air enters the machine from one side and leaves at the other. Air flows axially 
and radially in the machine and cools it (see Fig. 6.95). In bigger machines separate fans are 
driven by the independent motor are employed to circulate more air and improve the cooling 
efficiency. 

(it) Closed-Circuit Cooling: The closed-circuit cooling 
system is one in which the same volume of air 
passes through a closed circuit. It passes through the 
alternator, becomes heated, then it passes through air 
cooler, where it is cooled down and again circulated 
through the alternator by a forced fan as shown in Fig. 

6.96. The air thus circulates in a closed system. The 
closed-circuit cooling system is widely used with large 
synchronous generators. 

In closed-circuit cooling system not only air, but also 
other gases may be used for cooling of large synchronous 
generators. At present hydrogen at a pressure of 3-4 
atmosphere is mainly used. 


Synchronous generator 
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Hydrogen cooling has a number of valuable advantages over air cooling as mentioned below; 

1. The heat conductivity of hydrogen is 7 times greater than that of air and as a result the surface 
heat-transfer coefficient is 14 times greater than air. Hydrogen, therefore, cools a machine more 
effectively and a machine of higher output can be built with smaller dimensions. 

2. Hydrogen is 14 times lighter than air. Hence, the windage losses, which in high speed machines 
make up the bulk of the total losses, decreases to about one-tenth of the losses when air is used. 
This results in the increase in efficiency of the machine. 

3. With the use of hydrogen, when the corona phenomena occurs ozone gas is not liberated to 
cause intense oxidation of the insulation. Thus the service life of insulation is improved. 


6.48 Preventive Maintenance 

Preventive maintenance and routine inspection techniques conserve and prolong the life of electric 
machinery. Synchronous machines with general purpose ball or roller bearings require periodic 
lubrication while those equipped with self-lubricating “lifetime” bearings require no lubrication at 
all. It may be noted that in lubricating electric machinery (synchronous machines), excessive oiling is 
just as damaging as insufficient lubrication. Hence, periodic and appropriate lubrication is required. 

In synchronous machines, the brushes and sliprings also require periodic maintenance in addition 
to lubrication. The sliprings must be checked and cleaned periodically for dust sticking on its surface. 

Care must be taken that there should not be any type of oil leakage onto the stator. This may 
cause insulation breakdown of stator winding. 

The body temperature and insulation temperature must be recorded frequently. Its value must 
fall within the prescribed limits. 


Section Practice Problems 


Numerical Problems 

1. A three-phase, 11kV 100 MVA synchronous generator is running at synchronous speed with rated voltage 
at no-load. Suddenly, a short circuit fault develops at its terminals, the per unit reactances are 

Xd"=0.12;Xd’ =0.25; Xd = 1.0 

The time constants are Td" = 0.04 s and Td' = 1.1 s and the initial DC component in such that the total 
current is 1.5 times of the initial AC component of current Find 

(i) AC component of current at the instant of short circuit 

(ii) totai current at the instant of short circuit 

(iii) AC component of current after 2 cycies 

(i v) AC component of current after 5 s (Ans. 43738 A: 65608 A: 28800 A: 5416 A) 

Short Answer Type Questions 


Q1. What do you mean by transient conditions in aiternators? 

Ans. A sudden change in the operating conditions of an aiternator causes transients. 
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Q.2. When the alternator terminals are suddenly short-circuited due to any fault, what do you mean hy 
subtransient, transient and steady state period 

Ans. Subtransient period: During one cycle or so, the AC current is very large and falls very rapidly, this 
period is called subtransient period {Td") 

Transient period: Mter subtransient period, the current continues to fall but at slow rate till it attains 
steady value, this period between subtransient and steady state period is called transient period {Td’). 
Steady state period: Mter transient period, the current attains a steady value {ISC) till the fault is removed 
this period is called steady state period. 

Q.3. What are the losses in a synchronous machine? 

Ans. 1. Copper loss 2. Iron loss 

3. Mechanical loss 4. Stray loss 

Q.4. What are the methods of cooling of synchronous machines? 

Ans. (I) Open circuit cooling (ii) Closed-circuit cooling. 


Review Questions 

1. Deduce the relation between number of poles frequency and speed of an alternator. 

2. A Synchronous machine (generator or motor) is named as synchronous machine, why? 

3. Name the various part of a synchronous machine. Give the function and material used for each of them. 

4. Give the constructional details of cylindrical rotor alternator. 

5. Explain the difference between salient pole and cylindrical pole type of rotor used in alternators. Mention 
their applications. 

6 . Explain why the stator core of an alternator is laminated. 

7. The Synchronous generators employed at hydro-electric power plant have larger diameter and smaller 
length, why? 

8. The Synchronous generators employed at steam power plants have smaller diameter and larger length, 
why? 

9. List the advantages of making field system rotating and armature stationary in case of a alternator. 

10. What is meant by ‘full pitch’ and ‘fractional pitch’ windings? 

11. What are the advantages of using, ‘fractional pitch’ windings? 

12. What is meant by distribution factor and how does it effects the generated emf of an alternator. 

13. What are the advantages of using distributed winding in alternators. 

14. Explain distribution factor and pitch factor in AC winding. 

or 

Explain the terms ‘breadth factor’ and ‘Pitch factor' in case of alternator winding. 

15. Why are double layer windings preferred over single layer winding in AC machines? 

16. In case of AC system, give reasons why special efforts are made to ensure that the generated emf has a 
sine wave. 
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17. The magnitude of induced emi'm a synchronous generator decreases by empioying short pitched and 
distributed winding but stiii it is preferred, why? 

18. The outer frame of a synchronous machine may not be made of magnetic materiai (cast iron), state why? 

19. Derive an expression for induced emf for an aiternator. 

20. Prove that a three-phase suppiy when given to a three-phase winding produces a rotating magnetic fieid 
of constant magnitude. 

21. State what is the effect of armature current in an aiternator on the main fieid: 

(/) When it is in phase with the no-ioad induced emf 

(//■) When it iags the no-ioad emf by 90°. 

{Hi) When it ieads the no-ioad emf by 90°. 

22. Expiain the term (Armature reaction). Expiain armature reaction both at iagging power factor and ieading 
power factor. 

23. A pure inductive ioad is connected to a three-phase synchronous machine. Show by current and fiux 
distribution in the machine and vector diagram, the effect of this ioad on the terminai voitage. 

24. State the causes of voitage drop in an aiternator. 

25. Expiain the term synchronous impedance of an aiternator. 

26. Draw the open circuit and short circuit characteristics of a synchronous generator. Expiain the shape of 
the characteristics. 

27. Draw the equivaient circuit of an aiternator. 

28. Draw the vector (phasor) diagram of a ioaded aiternator for unity, iagging and ieading power factor. 

29. Using phasor diagram, show how wiii you determine the induced emf in an aiternator when the terminai 
voitage. armature resistance drop and armature reactance drop are known. Consider that the ioad is 
deiivered at (/) unity pf, (//) iagging pf and (Hi) ieading pf. 

30. Name the factors responsibie for making terminai voitage of an aiternator iess than induced voitage. 
Expiain them. 

31. What do you understand by ‘Voitage reguiation’ in the case of aiternator? 

32. Expiain synchronous reactance and synchronous impedance in case of an aiternator. How do they effect 
the reguiation of an aiternator? 

33. Modern aiternators are designed to have iarge ieakage reactance and very smaii armature resistance 
why? 

34. Aiternators do have negative reguiation, state and expiain why? 

35. Draw the ioad characteristics of an aiternator for different ioad power factor and describe it. 

36. What do you mean by short-circuit ratio {SCR)7 Show that SCR is reciprocai of synchronous impedance 
in pu. 

37. Why do the modern aiternators are designed with a high vaiue of SCR? 

38. Describe how OCand SCtests are performed on an aiternator in the iaboratory. How wiii you be in position 
to determine voitage reguiation from these test? 

39. Describe the mmf method of determining the voitage reguiation of an aiternator. 

40. Make a comparison between synchronous impedance method and ampere-turn method of determining 
voitage reguiation of an aiternator which method wiii you prefer and why? 
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41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 


53. 

54. 

55. 

56. 


Explain the experimental method of separating stator leakage reactance drop and drop due to armature 
reaction, when the alternator is loaded. 


Describe the Potier method of determining the voltage regulation of an alternator. 

Define and explain two reaction theory applicable to salient pole alternators. 

Describe the method of determining direct and quadrature axis reactance of a salient pole synchronous 
generator. 

What do you understand by the terms direct-axis synchronous reactance and quadrature-axis synchronous 
reactance of a three-phase salient pole synchronous generator? 

Describe the experimental method for determining the direct-axis and quadrature axis synchronous 
reactances of a salient pole alternator. 

Using two reaction theory, derive an expression for finding voltage regulation of a salient pole alternator. 
Also draw the phasor diagram. 

Describe the slip test method for determining the value of direct-axis and quadrature-axis synchronous 
reactances of a synchronous machine. 

Draw the phasor diagram of a salient pole synchronous generator delivering a load at lagging pf and 
explain it. 

Derive an expression for the power developed by a non-salient pole alternator as a function of power 
angle, neglecting armature resistance. 

Derive an expression for power developed by a salient pole alternator as a function of load angle. 


A salient pole alternator is supplying power at its rated value with lagging power factor, draw and explain 
its phasor diagram, also show that 


D EV ■ y 
P = — smd + — 

Aj l 







sin 2 5 


Which losses incur in a synchronous generator? How these losses are determined? 


Why do we need to cool down the alternators? Describe the different methods by which alternators are 
cooled down. 


What are the advantages of hydrogen as a cooling medium as compared to air? 

What precautions are taken while using hydrogen as a cooling medium for cooling of synchronous 
generators? 


Multiple Choice Questions 

1. In an alternator the eddy current and hysteresis losses occur in 

(a) Iron of field structure only (b) Iron of armature structure only, 

(c) Both (a) and (b) (b) None of above. 


2. Which of the following prime mover is least efficient? 

(a) Gas turbine (b) Petrol Engine 

(c) Steam Engine (b) Diesel Engine. 
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3. 


4. 


5. 


6 . 


7. 


8 . 


9 . 


10 . 


11 . 


12 . 


13. 


14. 


15 . 


The rotors preferred for alternators coupled to hydraulic turbines are 
(a) salient pole type (b) cylindrical rotor type 

(c) solid rotor type (rf) any of above. 


Stator of an alternator consists of 

(a) an Iron core 

(c) both a and d above 


(b) stator winding 
{d) none above 


An alternator having 8 poles rotating at 250 rpm will have 
(a) 60 Hz (b) 50 Hz 

(c) 25 Hz (d) 50/3 Hz 


What Is the largest size of alternator being manufactured In India, 
(a) 110 MVA [b) 210 MVA 

(c) 250 MVA [d] 500 MVA 


An exciter Is nothing but a 
(a) DC shunt motor 
(c) DC shunt generator 


{b) DC series 

(d) DC series generator 


The rating of alternators Is usually expressed In 
(a) full load current 
(c) kVA 


{b) Horse power 
(d) kW 


For a three-phase, 4-pole alternator the winding Is placed In 96 slots. The No. of slots/pole/phase will be 
(a) 2 [b) 4 

(c) 8 (o') 16 


The number of electrical degrees completed In one revolution of a six pole synchronous generator Is 
(a) 120 [b) 360 

(c) 720 {d) 1080 

RMS value of voltage generated per phase In an alternator Is given by: 

(a) E^, = 444K^K,Nff {b) = K^KJf 

(C) E^, = 4-44 K, /V2 ff {d) E^, = 1-11 /T, K, Nff 

If the speed of an alternator Is changed from 3000 rpm to 1500 rpm the generated emf/phase will become 
(a) double {b) unchanged 

(c) half (d) one fourth 


In which of the following cases the wave form generated will be close to sine wave form. 

(a) distributed winding with short pitch colls [b) distributed winding with full pitch colls 

(c) concentrated winding with full pitch colls [d) same In all above. 


A alternator has Its field winding on the rotor and armature winding on the stator. When running under 
steady state conditions Its air gap field Is 
(a) stationary with respect to rotor. 

{b) rotating at synchronous speed In the direction of rotor rotation. 

(c) rotating at synchronous speed with respect to rotor, 

(rf) both a and b. 


When a balanced three-phase distributed armature winding carries three-phase balanced currents, the 

strength of the resultant rotating magnetic field Is 

(a) three times the amplitude of each constituent pulsating magnetic field. 

{b) double to the amplitude of each constituent pulsating magnetic field. 
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(c) equal to the amplitude of each constituent pulsating magnetic field. 

(rf) one and half times the amplitude of each constituent of pulsating magnetic field. 

16. Synchronous reactance of an alternator represents 

(a) armature reaction reactance and leakage reactance. 

{b) leakage reactance and field winding reactance. 

(c) field winding reactance and armature reaction reactance 
(rf) a reactance connected in series with a synchronous generator. 

17. The armature reaction effect in a synchronous machine depends on 

(a) Terminal voltage. {b) Powerfactorof the load. 

(c) Speed of the machine. (o') Type of prime-mover 

18. For a leading pf load on an alternator implies that its voltage regulation shall be 

(a) positive. (b) negative. 

(c) zero. (d) any one of these. 

19. Unbalanced three-phase stator current cause 

(a) vibrations. {b) heating of rotor. 

(c) double frequency currents in the rotor. (o') all of the these. 

20. In a synchronous generator 

(a) the open-circuit voltage {OC) lags the terminal voltage by an angle known as power angle. 

{b) the OC voltage leads the terminal voltage by an angle known as power factor angle. 

(c) the OCvoltage leads the terminal voltage by an angle known as power angle. 

(d) the OCvoltage leads the terminal voltage by an angle known as power factor angle. 

21. For Potier diagram, the zero power factor characteristic can be obtained by loading the alternator using 

(a) lamp load. (b) water load. 

(c) synchronous motor as load. (d) DC motor as load. 

22. Curve A and B in the figure denote open circuit and full load zero power 
factor characteristics of a synchronous generator. Where Q is a point on 
the Z pf characteristics at 1.0 pu voltage. The vertical distance PQ in the 
figure gives the voltage drop across 
(a) synchronous reactance. 

{b) armature reaction reactance. 

(c) leakage reactance. 

(d) Potier reactance. 

23. By performing slip test we can determine 
(a) slip. 

(d) positive-sequence reactance and negative-sequence reactance. 

(c) direct-axis reactance and quadrature axis reactance. 

(d) sub-transient reactance. 

24. In a slip test the direct-axis reactance (Xd) of a star- connected salient pole alternator is determined by 
taking 

(a) Vmax/lmax {b) Vmin/lmax 

(c) Vmax/lmin (d) Vmin/lmin 

25. When a three-phase alternator is suddenly short circuited at its terminals, the initial value of short-circuit 
current is limited by 
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(a) subtransient reactance Xd". (b) transient reactance Xd'. 

(c) synchronous reactance XS. [d) sum of Xr/", Xtf'and XS. 

26. if Xd, X'd and Xd" are steady-state rf-axis synchronous reactance, transient c/-axis reactance and 
subtransient c/-axis reactance of a synchronous machine respectiveiy, then 

(a) Xd<Xd’<Xd". {b) Xd"<Xd'<Xd. 

(c) Xd' > Xd" > Xd. {d) Xd > Xd" > Xd'. 

27. The phase sequence of a three-phase AC generator wiii be reversed if 
(a) the fieid current is reversed keeping the direction of rotation same, 

{b) the fieid current remains the same but the direction of rotation is reversed. 

(c) the fieid current is reversed and the number of poies is doubied. 

(rf) the number of poies is doubied without reversing the fieid current. 

28. An aiternator is deiivering ioad to infinite busbar, its prime mover suddeniy shutdowns. The aiternator 
wiii 

(a) continue to work as generator but the direction of rotation wiii be reversed 
{b) come to standstiii. 

(c) continue to work as synchronous motor with same direction of rotation. 

{d) start working as induction motor. 

29. A synchronous generator is feeding power to an infinite bus and suppiying power at UPF. if its excitation 
is now decreased it wiii feed 

(a) the same power but at ieading pf. 

{b) the same power but iagging pf. 

(c) more power at unity pf. 

(rf) iess power at unity pf. 


Keys to Multiple Choice Questions 


l.b 

2.C 

3. a 

4.C 

5.d 

6.d 

7.C 

8.C 

9.C 

10.d 

11. a 

12.C 

13. a 

14.d 

15.d 

16.a 

17. b 

18.d 

19.d 

20.c 

21.c 

22. a 

23.c 

24.c 

25. a 

26. b 

27. b 

28.c 

29. a 





CHAPTER 


Parallel Operation 
of Alternators 



Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

,/ Why alternators are required to be operated in parallel? 

✓ What are requirements tor parallel operation ot alternators? 

✓ What conditions are required to be fulfilled tor proper synchronising? 

■/ What are the different methods by which alternators are synchronised? 

✓ How load is shitted from one alternator to the other? 

✓ How load is shared between the alternators? 

✓ What is synchronising current, power and torque? 

✓ What is the effect ot change is input power, excitation, reactance and governor’s characteristics? 

✓ What is hunting? What are its ill-effects? And how it can be reduced? Working ot synchronous 
machine depends? 


Introduction 

To meet with the ever increasing demand of electrical power, it is economical and advisable to run 
number of generating units in parallel. Although a single larger unit used to meet with the demand 
is more economical but it reduces the reliability. In fact, there are a number of good reasons to 
use number of smaller units operating in parallel to meet with the existing demand. In the present 
scenario, not only the number of units placed at one generating station are operated in parallel rather 
all the other units placed at the other generating stations which are interconnected are also operating 
in parallel with each other. 

In this chapter, we shall study different aspect of parallel operation of alternators or synchronous 
generators. 


7.1 Necessity of Parallel Operation of Alternators 

To meet with the demand of electrical power, a variety of generating stations hawing large capacity 
have been erected. In the modern generating stations, where huge power is generated, several 
alternators are operated in parallel. 
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When number of alternators are connected to same bus-bars, they are called to be connected 
in parallel. 

Such practice is considered necessary for the following reasons: 

1. Physical size: The output power of modern power stations is so high that it is difficult to build 
a single unit of that capacity. 

2. Reliability or continuity of service: Several small units are more reliable than a single large unit 
because if one unit fails, the continuity of supply can be maintained by operating the other units. 

3. Repair and maintenance: Repair and maintenance of a unit is more convenient and economical 
if a large number of smaller units are installed at the power station. 

4. Size and cost of stand-by unit: Since each unit is of smaller size, the cost of stand by unit is small. 

5. Extension of power plant: The additional unit can be installed as and when the load demand 
increases. 

6. Operating efficiency: Moreover, the load on the power station varies greatly both during day and 
night as well as during the different seasons. Thus the number of units operating at a particular 
time can be varied depending upon the load at that time. This keeps the machines loaded upto 
their rated capacity and hence results in increase in efficiency of operation as the efficiency of 
an electrical machine is maximum at or near rated capacity. 


7.2 Requirements for Parallel Operation of Alternators 

The following are the requirements for the parallel operation of alternators: 

1. Output voltage rating: The output voltage rating of all the alternators must be the same 

2. Output frequency: The rated speed of all the machines should be such that they produce the 
same frequency (f = PN/120). 

3. Output wave shape: The output wave form of all the alternators must be the same, although 
their kVA rating may be different. 

4. Speed-load characteristics: The drooping speed-load characteristics of the prime-movers of 
the alternators should be the same so that alternators share the load in their proportion as per 
their output (kVA) rating. 

5. Impedance triangles: The impedance triangles of the alternators should be identical for successful 
parallel operation. 


7.3 Synchronising Alternators 

The procedure of connecting an alternator in parallel with another or with common bus-bars to 
which a number of alternators are already connected, is called synchronising of alternators. 


7.4 Conditions for Proper Synchronising 

For proper synchronising of alternators, the following conditions must be fulfilled: 


1. The terminal voltage of the incoming alternator must be equal to that of the bus-bar voltage. 
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2. The voltage of the incoming alternator should he in phase opposition to the bus-bar voltage. 
This implies that there will be no circuiting current between the windings of the alternators 
already connected to bus-bars and the incoming alternator. 

3. The speed of the incoming alternator must be such that its frequency is equal to that of bus-bar 
frequency. 

4. In case of three-phase alternators the phase of the incoming alternator must be identical with 
the phase of the bus-bars. In other words, the phase sequence of the incoming alternator must 
be same as that of the bus-bars. 

Before studying the practical method of synchronising the alternators, we must be clear about the 
situation that will arise if the above conditions are not achieved. Considering only two single-phase 
alternators connected to the common bus-bars operating in parallel as shown in Fig. 7.1. A load is 
connected to the bus-bars. There are two circuits to which current can be supplied by the alternators. 
One circuit is the external load and the other is local internal circuit i.e., synchronous impedance 
of the two alternators. 




6 6 6 6 

+ DC supply — + DC supply — 


Fig. 7.1 Two 1-phase alternators connected in parallel 


For the external circuit (i.e., load), the terminal voltage of the two alternators are equal and in 
phase with each other as shown in Fig. 7.2 (a) and the alternators share the load current as per their 
respective ratings. 

Considering first and second condition, for correct synchronising, the terminal voltage of the 
incoming alternator must be equal and opposite (180° out of phase) to the voltage of the alternator 
already connected to the bus-bars with respect to the internal circuit as shown in Fig. 7.2 (b). Thus 
the resultant voltage is zero and no current circulates in the internal circuit. But if these conditions 
are not fulfilled i.e., the two voltages are not equal to each other in magnitude as shown in Fig. 7.2 
(c), a resultant voltage appears which will result in a circulating current in the local circuit. 
This circulating current lags behind the resultant voltage E^ by 90° since the opposition of the local 
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circuit is only synchronous reactance of the two alternators as resistance is neglected. Moreover, the 
circulating current will load the two alternators, without supplying any power to the external load. 

Another condition can be when the voltage of second alternator is equal to the bus-bar voltage 
in magnitude but it is not out of phase by 180°, as shown in Fig. 7.2 (d). In this case also a resultant 
voltage acts to circulate current f in the internal circuit of the alternators. 


V.A 


(a) For external 
circuit 


V.A 


'' 2 * 


(b) For internal 
circuit 


90 ^ 



(c) when V, is more (c) when V, is not 180° 


then V, 


out of phase to 


Fig. 7.2 Phasor representation of terminal voltages of two alternators 


Considering third condition, for correct synchronising, the frequency of the incoming alternator 
must be the same as that of the frequency of the alternator already connected to the bus-bars i.e., 
the vectors representing the two voltages must rotate at the same speed. But if this condition is not 
fulfilled, one of the vectors rotates at speed higher or lesser than the other vector (say vector Fj is 
rotating at a speed higher than vector Vj). The position of the two vectors at different three instants 
is shown in Fig. 7.3. Thus, the voltages of the two alternators will come in phase and go out of phase. 
This will happen at the rate equal to the difference of the frequencies of the two alternators. Because 
of this for local circuit, the resultant voltage varies from zero to double the voltage (Vj -F Vj) and 
circulates variable current in the local circuit. 


7.5 Synchronising Single-phase Alternators 

Synchronising of single-phase alternators is generally done by using lamps called lamp methods. 
There are two methods, namely, (/) Dark lamp method (ii) Bright lamp method. 

7.5.1 Dark Lamp Method 

An alternator A is already connected to the bus-bars as shown in Fig. 7.4. Alternator B is of the 
synchronised to the bus-bars. This is done with the help of two lamps Lj and L 2 connected across 
the main switch (synchronising switch) of alternator B as shown in Fig. 7.4. 





Electrical Machines 


630 



(a) Position of vectors Vg (b) Position of vectors V2 
and at instant t^ and at instant t2 


4E. 




^1 


90 ° 


O 


-►I. 


(c) Position of vectors V2 
and at instant tj 


Fig. 7.3 When frequency of the incoming alternator is more than the existing 



The prime-mover of alternator B is started and its speed is brought up near to the rated speed. 
The field winding of the alternator is then excited by DC source. The excitation is then increased to 
raise the voltage of the alternator equal to that of the bus-bar voltage. 
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If the frequency of the incoming alternator B is not equal to the frequency of alternator A, 
already connected to the bus-bars (i.e.,/^ ^ phase difference will exit between the voltages. 

This phase difference will be continuously changing, and therefore, the current flowing through 
the local circuit (shown dotted) and the synchronising lamps Lj and will go on changing. As a 
result the lamps will become alternately bright and dark which produces flickering of lamps. The 
frequency of flickering of lamps will be equal to the difference of frequencies (/^ -/^ or/^ -ff) 
of the two alternators. The flickering of the lamps will be rapid when there is large difference in 
frequencies and slow when the frequencies are nearly equal. To reduce the flickering, the speed of 
incoming alternator is adjusted.. 

If the voltage of incoming alternator is not equal to or in phase opposition to the bus-bar voltage, 
a resultant voltage will appear across the two lamps Lj and L.^. Thus, the lamps will not be totally 
dark. The voltage can also be checked by connecting voltmeters across the two alternators as shown 
in Fig. 7.4. The voltage of the incoming alternator is made equal to the bus-bar voltage by adjusting 
its excitation. 

Hence, to synchronise the alternator to the bus-bars, its speed is adjusted until the lamps flickering 
reduces to almost zero and, its terminal voltage is made equal to the bus-bar voltage by adjusting 
the excitation. Then synchronising switch is closed in the middle of the dark period. 


Limitations 

The lamps can be dark even though a considerable voltage may exist across their terminals; therefore, 
it is difficult to judge the correct instant of zero voltage in the dark lamp method. Keeping in view of 
this difficulty, some engineers prefer to synchronise the alternators by bright lamp method because 
of the fact that lamps are much more sensitive to change of voltages at their maximum brightness 
than when they are quite dark. 

7.5.2 Bright Lamp Method 

In this method, the two lamps and Lj are cross connected as shown in Fig. 7.4. When the voltage 
of the incoming alternator C is equal to the bus-bar voltage, the voltage across the two lamps will be 
double to that of alternator C. The synchronising switch is closed in this case when the two lamps 
are equally bright i.e., in the middle of the bright period. 


7.6 Synchronising Three-phase Alternators 

For synchronising of three-phase alternators, two methods are used i.e., (/) By using lamps, {ii) By 
using synchroscope. 

Usually, low voltage alternators are synchronised by using three lamps. Depending upon the 
connections by which three lamps are connected across the terminals of the incoming alternator and 
bus-bars, the incoming alternator is switched-DA to the bus-bars at a particular instant. Accordingly, 
the lamp methods are named as (i) Three dark lamps method and {ii) Two bright and one dark lamp 
method. 
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7.6.1 Three Dark Lamps Method 

An alternator A is already connected to the bus-bars as shown in Fig. 7.5. Alternator B is to be 
synchronised by three-dark lamps method. In this case lamp Lj and and are connected across 
R-R', Y-Y' and B-B' terminals of the synchronising switch, respectively, where RYB are the bus-bar 
terminals and R'Y'B' are the terminals of incoming alternator B. 

The voltages of the bus-bars and the incoming alternator are shown vectorially in Fig. 7.6. If the 
voltages are equal, the frequencies are identical and the phase sequence is correct, the voltage across 
all the three lamps will be zero. Under this condition the lamps are completely dark. This is the ideal 
condition for closing the synchronising switch. 

When the frequency of the incoming alternator is different from that of bus-bar frequency and the 
remaining conditions are satisfied, then the three lamps will flicker in unison. At any instant, when 
the frequency of the incoming alternator is less than the bus-bar frequency, the voltage across the 
three lamps Lj, L^, is shown in Fig. 7.7. The frequency of flickering depends upon the difference 
between the frequency of alternator B and the bus-bar frequency (i.e., - fj. However, if the 

phase sequence is not correct the three lamps will flicker one after the other instead of flickering 
simultaneously. Then the phase sequence should be corrected by interchanging any two leads to 
the incoming alternator at the synchronising switch. The flickering of lamps can be minimised by 
adjusting the speed of the prime mover of the incoming alternator. 


Bus-bars 



Alternator already Incoming alternator Incoming alternator-(ll) Two 
connected to the (I) Three Dark Bright and one Dark 

bus-bars. Lamp Method Lamp Method. 

Fig. 7.5 Synchronising of three-phase aiternators by using iamps 


If the voltage of the incoming alternator is not equal to that of bus-bar voltage and the other 
conditions are fulfilled, all the lamps will flow with equal brightness and will continue to attain the 
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same brightness. The ideal condition can be achieved by adjusting the excitation of the incoming 
alternator B. 

The disadvantage of this method is that a lamp can be dark even though a considerable voltage 
may exist across its terminals and if the alternators are connected at this instant, this may cause 
considerable disturbance to high speed turbine-driven alternator. Therefore, in this case voltmeter is 
also connected across the synchronising switch as shown in Fig. 7.5. The other disadvantage of this 
method is that the flickering of lamps does not indicate whether the incoming alternator is slow or 
fast. These difficulties are eliminated in two bright and one dark lamp method. 



Fig. 7.6 Phaser diagram when Vj = V^; fj = and phase sequence is incorrect 



Fig. 7.7 Phaser diagram when Vj = and phase sequence is correct but 


7.6.2 Two Bright and One Dark Lamp Method 

Consider alternator C to be synchronised by two bright and one dark lamp method. In this case 
lamp Lj is connected across R - R(j, lamp is connected across Y - Btf, and lamp across B -Ytj: 
as shown in Fig. 7.5. 

The bus-bar voltages OR, OY and OB and the voltage of incoming alternator OT0 and OBtj: 
are shown vectorially in Fig. 7.8. If the voltages are equal, the frequencies are identical and the phase 
sequence is correct, the voltage across Lj will be zero and across and will be line value (Vj) 
as shown in Fig. 7.8. Under this condition lamp Lj will be completely dark and the lamps and 
will be equally bright. This is the ideal condition for closing the synchronising switch. 
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When the frequencies of the incoming alternator are different from that of bus-bar frequency and 
the remaining conditions are fulfilled, then the three lamps will flicker alternately (i.e., one after 
the other in sequence). There can be two different conditions i.e., either the incoming alternator is 
running too fast or too slow. 

If the incoming alternator C is running too fast, then the vector diagram will rotate faster 

than RYB. Because of this voltage across lamp Lj is increasing, across Lj is decreasing and across 
is increasing as shown in Fig. 7.9. representing two instants (a) and (7>). The lamps will then become 
bright or flicker one after the other in the order Ly Lj, Ly Ly Ly Ly etc. To distinguish the sequence 
of flickering of lamps, the lamps are generally placed on the vertices of an equilateral triangle as 
shown in Fig. 7.10. 



Fig. 7.8 Phasor diagram when Vj = V^; fj = Fig. 7.9 Incoming aiternator is running 

and phase sequence is correct two fast (fj > f^) 

Li 



Sequence of Brightness 
is 3-1-2, 3-1-2— 

Fig. 7.10 Lamps piaced on the vertices of an equiiaterai triangie 

On the other hand, if the incoming alternator is too slow, then the vector diagram 7?T'B' will rotate 
slower than RYB. Because of this, voltage across lamp Lj is increasing, across is increasing and 
across Lj is decreasing as shown in Fig. 7.11. But in this case, lamps will become bright or flicker 
one after the other in the order Ly Ly Ly L^Ly Ly etc., as shown in Fig. 7.12. 

Thus in case of two bright and one dark lamp method, the sequence of flickering of the lamps will 
indicate whether the incoming alternator is too fast or too slow, accordingly the speed is adjusted 
to minimise the flickering of the lamps. 

However, if the phase sequence is not correct all the three lamps will flicker in unison. Then the 
phase sequence should be corrected by interchanging any two leads of the incoming alternator at 
the synchronising switch. 
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Fig. 7.11 Incoming alternator is running two slow Fig. 7.12 Lamps placed on the 

vertices of an equilateral triangle 


If the voltage of the incoming alternator is not equal to that of bus voltage and the other conditions 
are satisfied, all the lamps will flow with different brightness and will continue to attain the same 
brightness. The ideal condition can be achieved by adjusting the excitation of the incoming alternator. 

Thus when the flickering frequency is minimised to zero, lamp Lj is totally dark and and 
L3 are equally bright the synchronising switch should be closed. 

The lamp methods are only suitable for small low voltage alternators. For large capacity, high 
voltage alternators, a sychroscope is almost invariably used for synchronising. 


7.7 Synchronising Three-phase Alternators using Synchroscope 

High voltage alternators are generally synchronised with the help of synchroscope. 

A synchroscope is an instrument which has been devised, with a rotating pointer and a fixed index. 
The pointer indicates whether the incoming machine is slow or fast. In fact, it shows the precise instant 
of synchronisation when the paralleling switch should be closed. Synchroscopes are manufactured 
in a variety of designs such as polarised-vane type, moving iron type and crossed-coil type. 

In simplest form, a synchroscope utilises a split phase arrangement to give a rotating field which 
is excited by the incoming alternator. 

When the two machines differ in frequencies, the reaction of the two fields produces rotation. 
A pointer connected to the rotor moves over the dial face and indicates the phase positions of the 
alternators. In this method of parallel operation two additional bus-bars, known as synchronising 
bus-bars are necessary by means of which synchroscope is connected through potential transformers 
(P.T.) to the two alternator to be synchronised and to the main bus-bar as shown in Fig. 7.13. The 
secondary windings of the potential transformers are connected to the synchronising bus-bars. 

The incoming alternator is arrowed to run at its rated speed and its voltage is adjusted equal to the 
main bus-bars voltage. The two plugs are inserted in the secondaries of the potential transformers 
so that the synchroscope is acted upon by the voltages of both the incoming alternator and the main 
bus-bars. The greater the difference in frequency between bus-bars and the incoming alternators. 
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The greater will be the movement of the pointer. If the incoming alternator runs slower the pointer 
rotates in anti-clockwise direction and if the incoming alternator runs faster its pointer rotates in 
clockwise direction. 



ij (minnrinriri nnnnnnnnnr| 


Field winding 


DC supply DC supply 

Fig. 7.13 Synchronising of three-phase aiternators by using synchroscope 


The speed of the incoming alternator is now adjusted until the pointer assumes a vertical position 
and thus indicates that the two alternators can be put into synchronism. At this instant 3 pole paralleling 
switch P.S. is closed. 


7.8 Shifting of Load 

After fulfilling all the necessary conditions of synchronising, the synchronising switch is closed 
and the alternator is said to be connected in parallel with the other alternators already connected to 
the bus-bars, by closing the synchronising switch. The incoming alternator is connected in parallel 
with the existing alternator but at this instant, the incoming alternator is not delivering any load 
(current) to the bus-bars. The load is shifted from the existing alternator to the incoming alternator 
by increasing the mechanical power input to the prime-mover of the incoming alternator and 
simultaneously reducing the mechanical power input to the prime-mover of existing alternator. In 
case of steam machines this may be readily done by admitting more steam (by opening the steam 
inlet valve) to the steam-turbine of incoming alternator and simultaneously closing the steam valve 
of existing alternator. Thus, any load can be shifted to incoming alternator from existing alternator. 
Generally it is shifted as per their respective ratings. 

If the existing alternator is to be disconnected from the bus-bars the process continues till whole 
of the load is shifted to the incoming alternator as indicated by the ammeter and wattmeters in the 
circuits. Then the line circuit breaker (main switch) and field breaker (field switch) of the existing 
alternator are opened. 
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The most important point, to be emphasised, is that load cannot be shifted from one machine to 
the other by adjusting the excitation. Once the alternator is connected to the bus-bars, the change in 
excitation only changes the power factor of the alternator it does not affect the load sharing. 


7.9 Load Sharing between Two Alternators 


Consider two alternators / and 11 with identical speed/load characteristics are connected in parallel 
with a common terminal voltage V and delivering power to a load, as shown in Fig. 7.14. 



Fig. 7.14 Alternator I and II operating In parallel delivering load 


Let £1 and £2 be the induced emf/phase of the two machines 1 and 11, respectively, Zsi and 
Z 52 be the impedance/phase of two machines 1 and 11, respectively, whereas f and be the current 
supplied by the two machines, respectively. 

Z = load impedance/phase 


Now, 


Also, 


V = El — l\Zsi = £2 - liZsi 
h = 


and 7, = a--V- 


Zsi 


Zs 2 




Zsi 

V=liZ = Ch+li)Z 


Zs 2 


Also, 


V ^ £i_- V I £2_- V 
Z Zsi Zs 2 


V 


= + =— + =— 
Z Zsi Zs 2 


_ _ El E2 

Jl + J2_ or y = _ ^-^2 

Zsi Zs 2 X + _t- 

Z Zsi Zs 2 


£ -£ 

Circulating current on no-load, Ic = - 7 ^ 

^S1 + ^S2 
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Example 7.1 

A lighting load of 2000 kW and a motor load of 4000 kW at 0.8 pf lagging are supplied by two 
alternators operating in parallel. If one of them is delivering a load of2400 kW at 0.95 pf lagging, 
what will the output and pfofthe other alternator. 


Solution: 


Power factor. 
Motor load, 
Power factor. 


Lighting load, = 2000 kW 

cos = 1; tan = tan cos^' 1=0 


Power supplied by machine ‘A’, 
Power factor of machine A’ 
Reactive of lightning load. 
Reactive of power of motor load. 
Total load. 

Total reactive power. 

Reactive power of machine A’, 
Power supplied by machine ‘B’ 
Reactive power of machine ‘B\ 


Pj = 4000 kW 

cos ^2 = 0-8 lag; tan = tan cos^' 0-8 = 0-75 
= 2400 kW 

cos (j)j^ = 0-95; tan = tan cos^' 0-95 = 0-3287 
P^j = Pj tan = 0 

P^2 = ^2 ^2 “ 4000 X 0-75 = 3000 kVAR 

P = Pj + Pj = 2000 + 4000 = 6000 kW 
p^ = p^j + = 0 + 3000 = 3000 kVAR 

P^^ = P^ tan (j)^ = 2400 x 0-3287 = 788-84 kVAR 
P^j = P - P^ = 6000 - 2400 = 3600 kW 


P -P 


^ 3000 - 788-84 = 2211-16 kVAR 


. / f’rB 2211-15 n £1/10 


Power factor of machine ‘B’, cos = cos tan^' 0-6142 = 0-852 lag 
Hence output of second machine is 3600 kW at p.f 0’852 lagging (Ans) 

Example 7.2 

Two synchronous generators are running in parallel and supply a lighting load of 600 kW and a 
motor load of707 kW at 0.707pf lagging. If one of the machine is supplying 900 kW at 0.9 pf lagging, 
what load at what pfis supplied by the other machine? 

Solution: 

Lighting load, Pj = 600 kW 
Motor load, P^ = 707 kW 
Motor load p.f, cos = 0-707 lagging 
Power supplied by machine A’, P^ = 900 kW 
Power factor of machine A’, cos (j)^ = 0-9 lagging 
Power factor of lighting load, cos (j)y = \ 

Reactive power of lighting load, P^j = 0 
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cos ^2 = 0-707; tan cos^' 0-707 = 1 

Reactive power of motor load, = ^2 ^2 “ kVAR 

Total load, P = P^+P^ = b00 + 707 = 1307 kW 
Total reactive power, P^ = P^^ + P^^ 

= 0 + 707 = 707 kVAR 
cos = 0-9; tan (j>^ = tan cos“^ 0-9 = 0-4843 
Reactive power supplied by alternator ‘A’, 

= Pa tan (j)^ = 900 x 0-4843 = 435-89 kVAR 
Power supplied by alternator ‘5’ p^ = p - p^ = 1307 - 900 = 407 kW {Ans) 

Reactive power supplied by alternator ‘B’, 

= P^ - p^^ = 707 - 435-89 = 271-11 kVAR 

Power factor of alternator ‘B\ cos = cos tan ' 0-6661 = 0’8322 lagging (Ans) 

Example 7.3 

Two similar 400V, three-phase, 50 Hz, alternators share equal power jointly delivered to a balance 
three-phase, 50 kW, 0-8 p.f. lagging load. If p.f. of one machine is 0-95 lagging, find the current 
supplied by the other machine. 

Solution: 

Total load, P = 50 kW 
Load p.f, cos (j) = 0-8 lagging 
Terminal voltage, V = 400 V 

cos (j) = 0-8; tan ^ = tan cos^' 0-8 = 0-75 
Reactive power of the load, P^ = P tan tj) = 30 x 0-75 = 37-5 kVAR 

Load on each machine, P^ = P^ = ^ = 25 kW 

cos (j)^ = 0-95; tan tj) = tan cos^' 0-95 = 0-3287 
Reactive power supplied by machine A, 

P^ 2 i = Pa tan = 25 x 0-3287 = 8-217 kVAR 
Reactive power supplied by machine ‘B\ 

P^^ = P^ - p^^ = 37-5 - 8-217 = 29-283 kVAR 

tan <t>^=^ = = 1 -1713 

Power factor of machine ‘B\ cos (j)^ = cos tan ' 1-1713 = 0-6493 lagging 
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current supplied by machine ‘Z?’, I„ = ^ ^ 1000 - _ 55.574 ^ (Ans) 

V3 VCOS05 V3 X 400 X 0 • 6493 

Example 7.4 

Two alternators A and B are operating in parallel, supplying single phase power at 2300 V to a load 
of 1200 kW whose power factor is unity. Alternator A supplies 200 A at 0-9 p.f lagging. Determine 
for alternator B (i) power; (ii) current; (Hi) power factor. 

Solution: 

Total power supplied, P = 

Terminal voltage, V = 

Current supplied by alternator A, = 

Power factor of alternator A, cos = 

Power supplied by alternator A, P^ = 

cos = 

Reactive power supplied by alternator A, 

PrA = 

Total reactive power, P^ = 

Reactive power supplied by alternator B, 

PrB = 

Active power supplied by alternator B, P^ = 

tan (j)^ = 

Power factor of alternator B, cos = 

Current supplied by alternator B, /g = 

Example 7.5 

Two three-phase, 6600 V, star-connected alternators working in parallel are supplying the following 
loads: 

(i) 1500 kW at p.f. 0-75 lagging; 

(ii) 1000 kW at p.f. 0-8 lagging; 

(Hi) 800 kW at p.f. 0-9 lagging; 

(iv) 500 kW at unity power factor. 

If one of machine is delivering a load of 1800 kW at 0-85 p.f. lagging, what will be the output, 
armature current and p.f. of the other machine. 

Solution: 

Active power of load (i), Pj = 1500 kW 


1200 kW 
2300 V 
200 A 
0-9 lagging 

/^y cos (/> = 200x 2300 x 0-9 W = 414 kW 
0-9; tan = tan cos^' 0-9 = 0-4843 


P, tan (j) = 414 x 0-4843 = 200-5 kVAR 


0 


(••• p.f is unity) 


p^-p^^ = 0- 200-5 = - 200-5 kVAR 
P-P, = 1200 - 414 = 786 kW (An^.) 


' rB 


-200 - 5 
786 


= -0 - 225 


cos tan ' (- 0-255) = 0-969 leading (Ans.) 


786 X 10" 


V cos^g 2300 X 0 - 969 


= 352-67 A (Ans.) 
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p.f. cos = 0-75 lagging; tan = tan cos^' 0-75 = 0-8819 

Reactive power of load (i), = Pj tan tj) = 1500 x 0-8819 = 1322-85 kVAR 

Active power of load {ii), = 1000 kW 

p.f. cos ^2 = 0-8 lagging; tan cos^' 0-8 = 0-75 

Reactive power of load {ii), P^^ = ^2 ^2 “ 1000 x 0-75 = 750 kVAR. 

Active power of load {Hi), P^ = 800 kW 
p.f cos ^3 = 0-9 lagging; tan ^3 = tan cos^' 0-9 = 00-4843 
Reactive power of load {Hi), P ^3 = P 3 tan ^3 = 800 x 0-4843 = 387-44 kVAR 
Active power of load (iv), P^ = 500 kW 

p.f. cos ^ 4 = 1 ; tan cj)^ = tan cos^' 1=0 
Reactive power of load (v). P^^ = P 4 tan ^4 = 0 

Total active power, P = Pj + Pj + P 3 + P 4 

= 1500 + 1000 + 800 + 500 = 3800 kW 
Total active power, P^ = P^j + P ^2 + ^^3 

= 1322-85 + 750 + 387-44 + 0 = 2460-29 kVAR 
Active power of machine A, P^ = 1800 kW 
p.f cos ^4 = 0-85 lagging; tan tj)^ = tan cos^' 0-85 = 0-6197 
Reactive power of machine A, P^^ = P^ tan ^4 = 1800 x 0-6197 = 1115-46 kVAR 
Active power of machine B, P^ = P - P^ = 3800 - 1800 = 2000 kW {Ans.) 
Reactive power of machine B, P^^ = Pr~ PyA 

= 2460-29 - 1115-46 = 1344-83 kVAR 


* A ^rB 1344 - 83 n 


Power factor of machine, B, cos = cos tan ' 0-6724 = 0-8298 lagging {Ans.) 


Armature current, /„ 


2000 X10" 


SVb cos (ftg V3 X 6600 X 0 - 8298 
210-84 A {Ans.) 


Example 7.6 

Two alternators working in parallel supply the following loads: 
(ij Lighting load of600 kW; 


(ii) Inductive load of 800 kW at 0-9 p.f. lagging; 

(Hi) Capacitive load of 800 kW at 0-8 p.f. leading. 

One alternator is supplying 1000 kW at 0-85 p.f. lagging. Calculate the kW output and p.f. of the 
other alternator. 
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Solution: 


S. No. 

Load 

Power (P) 

p.f. 

tan f 

Reactive Power 



in kW 

cos (j) 


P^ = P tan (j) 

(0 

Lighting load 

600 

1 

0 

0 

(ii) 

Inductive load 

800 

0-9 lagging 

0-4843 

387-44 kVAR 

(Hi) 

Capacitive load 

800 

0-8 leading 

0-75 

- 600 kVAR 


Total active power, P = P^ + P 2 + P^ = 600 + 800 + 800 = 2200 kW 
Total reactive power, P^ = P^^ + P^^ + ® 387-44 - 600 = - 212-56 kVAR 

Active power supplied by alternator A, P^ = 1000 kW 

p.f cos = 0-85 lagging; tan (j)^ = tan cos^' 0-85 = 0-61974 
Reactive power alternator A, P^^ = P^ tan = 1000 x 0-61974 
Reactive power of alternator A, P^^ = P^ tan (j)^ = 1000 x 0-61974 = 619-74 kVAR 
Active power supplied by alternator B, 

Pj^ = P-P^ = 2200 - 1000 = 200 kW (An^.) 

Reactive power supplied by alternator B, 

P^B = Pr-PrA = - 212-56 - 619-74 = - 832-3 kVAR 

Power factor of alternator B, cos = cos tan*' (- 0-6936) = 0'8217 leading (Ans.) 


Example 7.7 

Two single-phase alternators are connected in parallel and supplying current to a load at a terminal 
voltage of11000 Z0°V. Alternator-1 has an induced emf of13000 Z20° V and a reactance ofSohm 
whereas alternator-Il has an emf of13500 Z15° V and a reactance of 4 ohm. What will be the current 
supplied by each alternator. 


Solution: 

Here, V = 11000 Z0° V; Ef = 13000 Z20° V 

El = 13500Z15° V; = 3Q. and Xs 2 = 4 

Current supplied by alternator-1 

7 ^ gi_- V ^ 13000Z20°- 11000Z0° 

‘ Asi 3Z90° 

_ 12216 4- y4446 -11000 _ 1216 -f j 4446 
3 Z90° “ 3 Z90° 


4609 Z 77.7° 
3Z90° 


= 1536 Z- 12.3° A (Ans,) 
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Current supplied by alternator-II 

-j ^ V ^ 13500Z15°-11000Z0° 

" Zs 2 4Z90° 

_ 13500(cosl5° + ;sinl5°)-11000(cos0°-;sin0°) 
4Z90° 

_ 13040 + y3494- 11000 
4Z90° 

^ 510 + ;3494 3531Z81.69° 

4Z90° 4Z90° 

= 882.75 Z- 8.08° A (Ans.) 


Example 7.8 

Two single phase alternators having induced emfEj and £"2 tmd impedance and Z 2 are connected 
in parallel and supplying a load of impedance Z. 

(i) Represent the terminal voltage in terms of alternators emfs Ej and £2 t^ttd admittances Y, Yj 
and }' 2 - 

(ii) If £1 = 220 V, £2 = 230 V, Z = 3 + y4 and Zi = Z 2 = (0.2 + yO. 8 ) ohm, determine the 
terminal voltage, circulating current at no-load and power delivered by each alternator in kW. 


Solution: 

We know, terminal voltage in given by the relation 

El £2 
y _ Zsi Zs2 
“ 1 + ^ + ^ 

Z Zsi Zs2 

We also know that admittance, Y = = 

Z 


= Fsi; and = = y 


.-.Terminal voltage, V - 


Z 
(Ans.) 


¥ + 7x1+ Ys2 

Give that Z = (3 + j 4) ohm; Z^j = Z^^ = (0-2 + j 0.8 ) ohm; £j = 220 V; £2 = 230 V 


1 


1 


3 - ;4 _ 3 - y4 


^ Z 3 + ;4''3-;4 32+42 

= Y = = - - - 

0.2 + yO.8 


= (0.12-yO. 168) mho 


1 


X ^^ = (0.2425 - yO.97) mho 


V = 


0.2 + yO .8 0.2 - yO.E 
£i FSi + £ 2 Fs 2 _ (220 + 230X0.2425 - yO.97) 


F + Tsi + Fs 2 (0.12 - y0.168) + 2(0.2425 - yO.97) 
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_ 109.125 - y436.5 
(0.605 - j2.108 

= (205.075 -y7.16) V 


450Z - 76° 
2.193Z- 74° 


= 205.2Z - 2° volt {Ans) 


Circulating current at no-load 

El - E\ 


Ic 


230 - 220 
Zsi + Zsi 2(0.2 yO.S) 

6.06 Z-76°A (Ans) 


10 ^ 10 

0.4 + J1.6 1.65Z76° 


Current supplied to the load by alternator I 

7j = Ei_- V ^ _ y^Ysi = (220 - 205.075 -t- 77.16)(0.2425 - 70.97) 

Zsi 

= (14.925 -H j 7.16) (0.2425 -j 0.97) = (16.55 Z-h25.63°) (1Z-76°) 

= 16.55 Z- 50.37°A 


Current supplied to the load by alternator II 

li = ^ = (El - V)Ys2 = (230 - 205.075 -i- 77.16)(0.2425 - 70.97) 

Zsi 

= (24.925 H-7 7.16) (0.2425 -j 0.97) = (25.93 Z-h16°) (1Z-76°) 

= 25.93 Z-50° A 


Power delivered by alternator 1 

Pj = vl^ = (205.2Z - 2°) (16.55 Z-50.37°) = 3396 Z- 52.37 
= (2073.5 -7 2.69) VA = 2073.5W = 2.0735 kW (Ans) 
Power delivered by alternator 11 

= vh = (205.2 Z- 2°) (25.93 Z- 50°) = 5321Z- 52° 

= (3276 -7 4.193) VA = 3276 W =3.276 W (Ans) 


Example 7.9 

A three-phase,10 MVA, 11 kV, 50 Hz alternator hawing 10% reactance is connected to a substation 
by a line having a reactance of 3.8 El. Another three-phase 20 MVA, 11 kV, 50 Hz alternator having 
15% reactance is connected to the same substation through a line having a reactance of 4.1 El. The 
substation is supplying a load of impedance (50 H- j40)El. 

If the generated emf of alternator 1 and H is lOkVand 12 kV, respectively, and the emf of alternator I 
leads the emf of alternator 11 by 10° electrical, what will be the current delivered by each alternator. 

Solution: 

The circuit shown in Fig. 7.14. 

Phase voltage, E = = 6351 V 
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Rated full-load current of alternator-I, 


I = ^ ^ = 525 A 

V3x 11x10^ 



Fig. 7.14 Circuit diagram 


Rated full-load current of alternator-II 

I = = 1050 A 

V3x 11x10^ 

Now, /;= 10% of 6351 or X = 1.2 £2 

=15%of 6351 or x = 0.9 £2 

Effective impedance/reactance of alternator-/ and line, 

Zj = Aj = -H = 3.8 H- 1.2 = 5£2; Zi = ;5ohm 
Effective impedance reactance of alternator-// and line, 

Z 2 = Aj = X ^2 + ^S 2 = 4-1 + 0.9 = 5 £2; Z 2 = j5 ohm 

Load impedance, Z = (50 + j 40) ohm = 64.03 Z 38.65° 

Considering emf of alternator-// i.e., £2 reference vector, 

El = i2^z0° = 6928Z0° = (6928 h- jO) V 


El = ii^zi0° = 5774Z10° = (5686 -h /1003) V 

V3 

Applying Kirchhoff’s second law to the closed circuit abed efa and b c deb, respectively, we get, 
liZi+Ch+l2)Z =E ...(i) 

I 2 Z 2 +Ch+~l 2 )Z = E 2 ...(ii) 
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Subtracting eqn. (ii) from (i), we get, 

h-li 


Adding eqn. (i) and (ii), we get, 

h+li 


Adding eqn.(iii) and (iv), we get 

7i 

h 

Section Practice Problems 

Numerical Problems 

1. A lightning load of 2500 kW and a motor load of 5000 kW ata p.f. of 0-707 are supplied by two alternators 

running in parallel. If one machine is supplying a load of 4000 kW at a p.f. of 0-8 lagging, what is the kW 
output and p.f. of the other machine? (Ans. 3500 kW, 0-8682 lagging) 

2. The following loads are supplied by two alternators running in parallel: 

(I) Lighting load of 400 kW; (ii) 800 kW at p.f. of 0-8 lagging; 

(ill) 800 kW at p.f. of 0-8 leading; (iv) 200 kW at p.f. of 0-9 lagging; 

If one alternator is supplying a load of 1200 kW at 0-9 p.f. lagging, calculate the kW output and p.f. of the 
other alternator. (Ans. 1000 kW, 0-9 leading) 

3. Two single-phase alternators are connected in parallel and supplying current to a load at a terminal voltage 

of 11000 Z0°V. Alternator-1 has an induced emf of 13000 Z20° V and a reactance of 3 ohm whereas 
alternator-ll has an emf of 13500 Z15° V and a reactance of 4 ohm. What will be the current supplied by 
each alternator. (Ans. 2700 Z-21.8°: 2500Z- 0° A) 

Short Answer Type Questions 

Q.1. Why are synchronous generators put in parallel? 

Ans. Synchronous generators are put in parallel for high efficiency of operation, better reliability, convenience 
in repair and maintenance, extension of power plant capacity, etc. 


= (since Zi = Z 2 or Aj = Aj = 5 

Zi 

_ (5686-h;1003) - (6928-hjO) _ -1242 -f jl003 
J5 ■ j5 

= (200.6-I-;248.4) A ...(iii) 

_ E 1 + E 2 _ (5686 -r ;1003) -r (6928 -r jO) 

~ 2Z + Zi~ 2(50 -f j40) -I- j 5 

^ 12614 -e yl003 ^ 12654 -I- Z4.54° 

100-rj85 131.25Z40.36° 

= 96.41Z - 35.82° 

= (78.18- y56.42) A ...(iv) 

= (139.39 -f j98) A = 170.4Z35° = 170.4 A (Ans.) 

= (65.7 -I- /1 52.4) A = 166Z66.67° = 166 A (Ans.) 
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Q.2. What conditions are required to be fuifitied for paraitei operation of alternators? 

Ans. Terminal voltage, frequency and the phase (or phase sequence) of the incoming alternator must be the 
same as that of the existing alternator or the bus-bars. 

Q.3. For synchronising of three-phase aiternators; which method is preferred, dark tamp method or 
one-dark and two-bright lamp method? 

Ans. One-dark and two-bright lamp method is preferred. 

Q.4. How load in shifted to the incoming atternator? 

Ans. After synchronising the incoming alternator to the bus-bars of the existing alternator, the input power 
to the incoming alternator is increased whereas to the existing alternator is decreased gradually. 


7.10 Two Alternators Operating in Parallel 

When the two alternators are operating in parallel as shown in Fig. 7.15 under stable equilibrium, 
they share the total load in proportion to their ratings or equally if both are identical. Any tendency 
on the part of one to pull out of synchronism because of change in load or excitation is immediately 
counteracted by the production of a synchronising current (hence synchronising torque) which pulls 
it back to synchronism. 

Let us study the effect of change in input power change in excitation or change in speed of the 
alternators. 



7.11 Synchronising Current, Power and Torque 

When the two identical alternators are in exact synchronism, the emfs of two alternators and 
are equal and in exact phase opposition, as shown in Fig. 7.16 (a), as far as the local circuit of the 
alternators in concerned. No circulating current flows through the local circuit. 

If the induced emfs. of the two alternators are equal but due to some reason the emf of the second 
alternator ZSj back by an angle 6 (electrical radians) as shown in Fig. 7.16 (b), then a resultant emf 
E^ acts in the local circuit and causes flow of current known as synchronising current. 
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(a) Ideal condition (b) EMF E 2 faiis back 

Fig. 7.16 Phaser diagram of two alternators operating in parallel 


Resultant emf, E =2E cos 


' 180-0 ' 

2 


(•.• £1 = £2 = E) 


2E cos 90-^1 = 2E sin ^ 
\ 2 2 


2E^ = E- e 
2 


(since 0 is very small) 


E E 

Synchronising current, ^ 

Since resistance is very small as compared to synchronous reactance. Here is the combined 
impedance of the two alternators. However, if an alternator is connected to infinite bus-bars, it is 
the impedance of only one alternator. The synchronising current lags behind the resultant emfE^ 
by 90° as shown in Fig. 7.16 (b). 

Wf) 

Synchronising current, 

Synchronising Power 

In the above case, because of synchronising current, first alternator will supply extra power known 
as synchronising power. 

Synchronising power, = £j cos (j>^ (per phase) 

= (•.• is very small) 

= E (since E^ = E) 
E- EG E^e 


Synchronising power for three-phase = 3F^ = 3 watt 

X. „ 
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Synchronising Torque 


Let be the synchronising torque in Nm and be the synchronous speed in rpm, then total 
synchronising power; 


3P=T^X 


2nN, 


60 


„ . . . X 60 

Synchronising torque, = 2nN — 


7.12 Effect of Change in Input Power of One of the Alternators 

When two identical alternators are operating in parallel, they supply equal current to the load at the 
same power factor. Both the alternators have same reactance and induced emfs. Under such conditions, 
all the quantities are shown vectorially in Fig. 7.17 for the local circuit of the two alternators. 

/l = /j 

^S1=>^S2 

COS (p-^ - cos ^2 


E2 

Fig. 7.17 Phaser diagram with ideai conditions, 

If input power (steam supply or water supply or fuel supply) to alternator ‘A’ is increased, it will 
increase the torque angle (5j to 5^' (since input power is proportional to 5 neglecting losses). Thus the 
emfE-^ of the alternator ‘A’ attains a new position as shown in Fig. 7.18 and a resultant emfE^ appears 
across the local circuit which circulates synchronising current f. This synchronising current lags 
behind the resultant emf E^ by 90°. The current-delivered by alternator A’ increases to I[ and the 

current delivered by alternator ‘7?” decreases to . The power factor of the two alternators also 

changes to cos (pl and cos 02 > respectively. 

E'i 

Ei 


E2 

Fig. 7.18 Phaser diagram when input to one of the aiternator is increased 
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kVAR2 

kVAR^ 



kVAR2 

kVAR^ 


(a) Power triangle diagram 
for ideal condition 


(b) Power triangle diagram when power 
input to one of the alternator is increased 


Fig. 7.19 Power triangle representation 


Thus, the increase in power input to prime-mover of alternator ‘A’, increases the kW output of 
alternator ‘A’ and decreases that of alternator ‘B’ by the same amount. If this process is continued, 
a point may reach where output power of alternator ‘A’ becomes more than the total load supplied, 
then the alternator ‘B’ instead of supplying load will start drawing power from alternator A’. Hence, 
the alternator A will start working as a motor. The load sharing diagram of the two alternators is 
shown in Fig. 7.19 (b). 


7.13 Effect of Change in Excitation of One of the Alternators 

If the excitation of alternator A’ is increased from to E^, a resultant voltage (i.e., E[ - appears 
across the local circuit and circulates a synchronising current I^. This current lags behind the resultant 
voltage E^ by 90° and acts almost in quadrature with the voltage vector. Therefore, it does not affect 
the active component of current delivered by the two alternators. The resultant currents delivered by 
the two alternators are and as shown in Fig. 7.20. The power factor of the two alternators also 
changes in cos and cos respectively. 

Thus, the increase in excitation of alternator A’ does not affect the kW loading of the two alternators 
but it affects the power factor and reactive power of the two alternators. When the excitation of 
alternator 



Fig. 7.20 Phasor diagram when excitation of one of the alternator is increased. 

A’ is increased, the reactive power (kVAR^ shared by this alternator will increase while the 
reactive power (kVAR^) shared by alternator ‘7?’ will decreased by the same amount. The load sharing 
diagram of the two alternators is shown in Fig. 7.21. 
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kVAR, 


kVAR 


(a) Power triangle diagram for 
ideal conditions 



kVAR, 


kVARi' 


(b) Power triangle diagram when excitation 
of one of the alternator is increased 


Fig. 7.21 Power triangle representation 


7.14 Effect of Reactance 

When two alternators are running in parallel, the emf of one alternator acts opposite to the emf of 
the other alternator with respect to their local circuit. As such one machine runs as a synchronous 
motor with respect to the other. Due to any reason, if the input supply to one of the machine is cut¬ 
off, it is quite evident that it would draw a wattful current from the other machine to run as a motor. 




(a) Machines having negligible resistance 

with respect to reactance with respect to resistance 

Fig. 7.22 Pharos diagram for the internal circuit of two synchronous machine operating in parallel 


Considering that the two machines are having only resistance and negligible reactance. Their 
emfs and are practically in phase opposition, as shown in Fig. l.lliA) and their resultant emf 
£j.is in quadrature with and E^. The synchronising current = E^I(R^ + /? 2 )] will be in phase 
with £j.but in quadrature with and E^- Hence, no real power is transferred from one machine to 
the other since the synchronising current is the wattless current (needs help for synchronisation). 

Now, considering that the two machines are having large reactance as compared to resistance. 
The synchronising current will lag behind the resultant voltage E^ by 90° as shown in Fig. 7.22 
(b), this synchronising current will develop a real power E^ cos q which will be delivered by 
one machine to the other. Hence, one machine works as a generator and the other works as a motor. 
This causes the machine to restore synchronism. 


Conclusion 

From the above discussions, it is concluded that machines must have high reactance for satisfactory 
parallel operation of synchronous generators. 
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7.15 Effect of Governors’ Characteristics on Load Sharing 

The speed-load characteristics of the prime-movers of the alternators are drooping curves as shown 
in Fig. 7.23 the curve shows that the speed or frequency of an alternator decreases with the load. 

Governors are usually employed with the generator prime-movers which act on the centrifugal 
principle. The moment, there in drop in speed caused by the increase in load, the valve mechanism 
operates and brings the speed back to its rated value. 





(a) Speed-load characteristics 
of alternator-l 


(b) Speed-load characteristics 
of alternator-l I 


(c) Speed-load characteristics 
of alternator-ill 


Fig. 7.23 Speed-load characteristics of synchronous generators 


In Fig. 7.23 The speed-load characteristics of three alternator I, II and III each of same rating 
(say 5 MVA), are shown. The speed-load characteristics of alternator I and II are identical but that 
of alternator III are different. 

Let us see how speed-load characteristics affect the load sharing when they are connected is 
parallel. Consider that alternator I and II are operating in parallel and both of them are supplying 
their rated full load of 4MW (say the pf of the load is 0.8 lagging). If the load on the system decreases 
( say from 8MW to 6MW), as shown in Fig. 7.23 (a) the frequency of both the alternators increases 
momentarily but equal load (3MW each) is shared by them. 




(a) Load shared by alternator I and II (b) Load shared by alternator I and III 


Fig. 7.24 Load shared by two alternators running In parallel. 
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Now, consider that alternator I and III are operating in parallel and both of them are supplying 
their rated full load of 4MW (say the pf of the load is 0.8 lagging). If the load on the system decreases 
(say from 8 MW to 6MW), as shown in Fig. 7.24(b), the frequency of both the alternators increases 
momentarily but they are not sharing the load equally, alternator I is sharing less load than the 
alternator III as shown in Fig. 7.24 (b). 

Hence, it is concluded that the speed-load characteristics play their role. Therefore, the governess 
placed on the alternators must be very sensitive so that they bring the alternators to operate at their 
rated frequency and share the load as per their rating. 


7.16 Hunting 

When a synchronous machine is loaded, the rotor poles slightly fall back in position with respect to 
the stator field (poles) by an angle 5 known as power angle or torque angle or retarding angle. As 
the load is gradually increased, this angle 5 also increases gradually so as to produce more torque 
for coping with the increased load. If the load is suddenly thrown off, angle 5 decreases suddenly 
and the rotor poles are pulled into almost exact opposition to the stator poles, but due to inertia of 
rotor and rotor poles travel too far. They are then pulled back again, and so on, thus oscillations are 
set up around the equilibrium position, corresponding to new load. 

The oscillation of the rotor about its equilibrium position is known as hunting. 

Hunting effect produces heavy mechanical tresses in the machine parts particularly on the bearings. 
Therefore effort are made to prevent hunting 

The hunting (oscillations) can be prevented by providing damper winding on the rotor pole faces 
in case of salient pole alternators. This damper winding consists of number of copper or aluminium 
bars embedded into the slots provided on the outer periphery of the pole shoes and then short circuited 
by end rings. When hunting takes place, there is relative motion of the rotor with respect to the stator 
field, which sets up eddy currents in this winding which flow in such a way that it suppresses the 
oscillations. Hunting can also be reduced by placing heavy flywheels on the shaft and putting dash- 
pots on the engine governors. 

However, non-salient pole of alternators used in steam-fed power plants do not have the tendency 
to hunt. 

The hunting also occurs when the machine operates as a motor. In this case also because of 
sudden change in load oscillations are set up in the rotor called hunting; which can be prevented by 
providing damper winding on the rotor. 

Example 7.10 

Determine the synchronising power and synchronising torque per mechanical degree of rotor 
displacement at no-load of a 2.5 MVA, three-phase, six-pole synchronous generator connected to 
6000V, 50Hz bus-bars. The synchronous reactance of the machine is 5 ohm per phase. 

Solution: 

Here, rating of alternator = 2.5MVA; = 6000V; P = 6, X^- 5 Q.;f= 50Hz 

Phase voltage, E=V=^ = = 3464 V 
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P 6 

Rotor displacement in electrical degree = Mech. angle ^" 2 “ ^^2 

Electrical angle in radians, 6 X ^ = 0.0524 

180 


Synchronous speed ,N 


120/ _ 120 X 50 


= 1000 rpm 


Synchronising power for three-phase alternator. 


3 E^e _3x (3464f x 0.0524 


: 377258 W 


377.258 kW (Ans.) 


Synchronising torque, T = 


Ps X 60 ^ 377258 x 60 
2nN, 2n x 1000 


= 3603 Nm/mech.degree {Ans3) 

Example 7.11 

A three-phase, 6 MVA, 50Hz alternator has a synchronous reactance of 0.4 pu. it is running at 
1500 rpm and excited to give llkV. Calculate the synchronising torque for per degree mechanical 
displacement. 

Solution: 

Here, Rating of alternator = 6 MVA\f= 50 Hz; E^ = \\ kVNg= 1500 rpm; X^= 0.4pu 

Phase voltage, E = ^ = 6351 V 

sl3 sl3 


Full-load current, I ■ 


MVA X 10“ 


6x10“ 


V3 xlO^ V3x 11x10^ 


= 315 A 


IX^ = 0.4 of 6351 

X = ^ = 8.065 n 

^ 315 


No. of poles of the machine, P ■ 


120/ _ 120 X 50 


P 4 

Rotor displacement in electrical degree = displacement in mechanical degree x — = lx — = 2° 

2 X TT 

Rotor displacement in radian, 6 = lx = 0.0349 electrical 

loO 


synchronising power for three-phase machine 


P — 

s- X 


3E^e _ 3 X (6351/ X 0.0349 


= 523731W 


Synchronising torque, T, 


PcX60 523731x60 


^ 2n N 2nx 1500 


: 3334 Nm (Ans.) 
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Example 7.12 

What will be synchronising power developed in a three-phase synchronous generator for one 
mechanical degree of displacement from its equilibrium position. The synchronous generator 
is connected to 11 kV infinite bus-bars and having the following data: Rated capacity =5 MVA; 
Frequency, f = 50 Hz; Number of poles, P = 8; synchronous reactance = 25% 

Also determine the corresponding value of the synchronising torque. 


Solution: 

Phase voltage, E 
Full-load current, I 

Now, IXg 

Rotor displacement in electrical degree 
Rotor displacement in radian, 9 

Synchronous power, P^ 

Synchronous speed, 
Synchronising torque, 


11000 


= 6351 V 


V3 V3 

MVA X 10^ ^_ 

V3x£, xlO^ Vs X 11x10^ 


5x 10“ 


= 263 A 


25% of 6351 o, x, = 2|^ = 6.05D 


Mech. degree = 


4 X ;r 
180 


0.0698 


3E^e ^ 3 x(635lV X 0.0698 
A 5 “ 6.05 


1396328 W {Ans) 
120/ ^ 120 X 50 
P 8 


750 rpm 


Ps X 60 ^ 1396328 x 60 
2nNg 2n x 750 


17778 Nm (Ans) 


Example 7.13 

A three-phase, star-connected, 3300 V alternator is connected to the bus-bars. Another 3000 kVA, 
six-pole, three-phase, star-connected alternator running at 1000 rpm with 30% reactance is to 
be synchronised to the same bus-bars. Calculate the synchronising current and power per one 
mechanical degree of displacement and the corresponding synchronising torque. 


Solution: 

Alternator is three-phase, star connected 

Rating of alternator, = 
No. of poles, P = 
Synchronous speed, = 
Terminal voltage (line value), V/ = 

Terminal voltage (phase value), V_= 
Full load current, 1 = 


3000 kVA = 3000 x 10^ VA 
6 


1000 rpm 
3300 V 
3300 


s/3 


= 1905 • 26 V 


3300 X10^ 
V3 X 3300 


= 524•86 A 
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Synchronous impedance, = 3-63 ohm 

Synchronous reactance, = 30% ofZ^ = X 3 • 63 = 1 • 089 ohm 

Angular displacement in elect, degrees, 0 = mech. degree x pair of poles = 1° x ^ = 3° 

3 X TT 

Angular displacement in radians, 0 = = 0 • 05236 

loO 

Synchronising current, j- = 91'6 A (Ans.) 

Synchronising power = 3 I^V = 3 x 91-6 x 1905-26 = 523-6 kW (Ans.) 
.. _ Synchronising power 


Synchronising torque, T = 


2nN^ / 60 


523 • 6 X 10" 


X 60 = 5000 Nm (Ans) 


In X1000 ' 

Example 7.14 

The governors of the two 50 MVA, three-phase alternators operating in parallel, are set in such a 
way that the rise in speed from full-load to no-load is 2% in one machine and 3% in the other. The 
characteristics being straight lines in both cases. If each machine is fully loaded when the total 
load is 100 MW (unity pf), what will be the load on each machine when load is reduced to 75 MW. 

Solution: 

For parallel operation of two alternators having same number of poles, the speed of both should be 
the same. When each machine is fully loaded, the operating points are A and B (see Fig. 7.25). When 
the total load is reduced to 75 MW, let the speed rises to some value x% o/the full load speed. Now 
the operating points of alternator I and II are shifted to F and E. 





103 



/ 

102' 

D 


E / 



101 

F 


II 

G 

100 ' 


50MW O 


Fig. 7.25 Frequency-load characteristics of two alternators 

From similar triangles ACO and ECG 

EG _ GC 
AO OC 


EG= AOx 


OC-OG 
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= 50 x ^ = 50 -^ ...(0 

From similar triangles EDO and FDG 

FG ^ GD 
BO OD 

or FG= BOX = 50 X = 50 - 25x ...(») 

Adding (i) and {ii) 

(EG + GF)= 50 - ^ + 50 - 2x 

or 75 = 100 - 

or X = 0-6 

From equation (i), load shared by alternator II 

£G = 50 - ^ = 50 - 10 = 40 MW (Ans.) 

From equation (ii), load shared by alternator I. 

FG = 50 - 25 X 0-6 = 35 MW (Ans.) 


Example 7.15 

The two alternators I and II having a full-load capacity of500 kW each are operating in parallel. 
Their speed regulation is 100% to 104% and 100% to 105% from full-load to no-load, respectively. 
How they will share a load of 600 kW. Also find the load at which one machine ceases to supply 
any load? 

Solution: 

When each alternator is operating at full-load, the operating points are A and B, as shown in Fig. 7.26 
When the total load is reduced to 600 kW, let the speed be raised to (100 H- x)% Now the operating 
points of alternator I and II are E and E. 


C 
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From similar triangle AOD and EGD 

EG 

AO 


W> ” ra-AO.SD^ 


EG = 500 X ^ = 500 - 125 x 


■ ■■(O 


From similar triangle AOD and EGD 


= or EG = BOX 

BO OC OC 

EG = 5m =500-100x 


...(h) 


Adding eqn.(i) and {ii), we get, 


£G + FG = 500 - 125 X + 500 - 100 x 
600 = 1000 - 225 X 


225 X = 1000 - 600 or x = 


400 

225 


1.78 


From eqn. (i), load shared by alternator I 


EG = 500 X = 211.n kW {Ans) 


Load shared by alternator II, 


EG = 600 - 277.78 = 322.22 kW {Ans) 


When load reduces to DF', one of the alternator i.e., alternator I will cease to deliver load. 


From similar triangles OBC and DF’C, we get, 

DF' ^ ^ 

OB OC 

or DF' = ^ X GB = i X 500 = 100 kW {Ans) 

Example 7.16 

The governors of two identical three-phase alternators operating in parallel are set such that the 
frequency of first alternator drops uniformly from 50 Hz on no-load to 48 Hz on full-load of 25 kW, 
whereas, in second alternator the frequency drops uniformly from 50 Hz on no-load to 47 Hz on 
full-load of 25 kW. How will they share a load of 30 kW. 


Solution: 

The frequency-load curves of both the alternators I and II are shown in Fig. 7.27. 

When each machine is fully loaded, their operating points are A and B, respectively. When the 
load of the system is 30 kW, let the operating points of the two machines be E and F, respectively. 
At this instant, let the load shared by alternator I be x kW, then; 

Considering similar triangles OAC and OEG 


OG 

EG 

OG 




2x 


■'’‘s' 25 




or 
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Considering similar triangles ODB and OGF 

OG OD 


GF 


-o,OG = CFx^ 


OG = (30 - x) X ^ = 50 ^ 


Equating eqn. (i) and (n), we get 


2x 

25 


90-3x 
25 


or 2x = 90 - 3x 


90 


2x + 3x = 90 orx = y = 18 kW 

Load shared by alternator I = 18 kW (Ans.) 

Load shared by alternator II = 30 - 18 = 12 kW (Ans.) 


...(ii) 


Example 7.17 

The drop characteristics of the governors of two alternators having rating 300 MW and 400 MW 
operating in parallel are of 3% and 4%, respectively. If the generators operate at no-load at 50 Hz. 
What will be the frequency at which they would operate with a total load of600 MW. Also comment 
on the results. 

Solution: 

The frequency-load curves of both the alternators I and II are shown in Fig. 7.28 



Fig. 7.28 Frequency-load curves of the alternators as per data 
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A1 full-load, 


Frequency of alternator I = 50 ■ 


Frequency of alternator II = 50 - 


50x3 

100 

50x4 

100 


When each machine is fully loaded, the operating points 
on the system is 600 MW let the frequency be x Hz. 


= 48.5 Hz 

= 48 Hz 

are A and B, respectively. When the load 


Considering similar triangles OAC and OEG 


or 


EG ^ AC 
OG OC 

EG = (50 - 


or EG = OGx 


x) X 


300 


(50 - 48.5) 


AC 

OC 


= 10000 - 200 X 


Considering similar triangles ODB and OGE 


GE 

OG 


DB 

OD 


GE = OGx 


DB 

OD 


or 


GE = (50 - x) X , = 10000 - 200x 

(50 - 48) 


■■■(O 


...(») 


Adding eqn. (i) and (ii), we get 

EG + GE= 10000 - 200 X H- 10000 -200 x 

or 600 = 20000 - 400 x (Since EG + GE = 600 MW) 

or 400x = 19400 

or X = 48.5 Hz (Ans.) 

With the given drooping characteristics, the two alternators will not be in position to take-up load 
more than 600 MW 


Section Practice Problems 


Numerical Problems 

1. Determine the synchronising power and synchronising torque per mechanicai degree of rotor dispiacement 
at no-ioad of a 2000 kVA, three-phase, eight-poie synchronous generator connected to 6000V, 50Hz bus¬ 
bars. The synchronous reactance of the machine is 4 ohm per phase. (Ans. 628.64 kW, 8000 Nm) 

2. What wiii be synchronising power deveioped in a three-phase synchronous generator for one mechanicai 

degree of dispiacement from its equiiibrium position. The synchronous generator is connected to 3.3 kV 
infinite bus-bars and having the foiiowing data: Rated capacity = 3 MVA; Frequency, f- 50 Hz; Number of 
poies, P= 6; synchronous reactance = 25% Aiso determine the corresponding vaiue of the synchronising 
torque. (Ans. 6.28.4 kW, 6000Nm) 

3. A 750 kVA, 3300 V, 8 poies, three-phase 50 Hz, aiternator runs in paraiiei with other aiternator. its 

synchronous reactance is 24%. Find the synchronising current, power and torque of one mechanicai 
degree dispiacement. (Ans. 38-16A, 218-12 kW, 2777-23 Nm) 
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4. Two three-phase 40 MW synchronous generator I and II are operating In parallel. Their speed regulation 
Is 100% to 104% and 100% to 103% from full-load to no-load, respectively. How they will share a load 
of 60 MW. Also find the load at which one machine ceases to supply any load? 

(Ans. 31.43 MW, 28.57 MW, 10 MW) 

5. The settings of governors of two Identical three-phase alternators are operating In parallel are such that 

the frequency of first alternator drops uniformly from 50 Hz on no-load to 48 Hz on full-load of 20 kW, 
whereas. In second alternator the frequency drops uniformly from 50 Hz on no-load to 47.5 Hz on full-load 
of 20 kW. How will they share a load of 30 kW. (Ans. 13.33 kW, 16.67 kW) 

S hort Answer Type Questions 

Q.1. The synchronous generators with larger air-gap have higher synchronising power, why? 

Ans. A large air-gap offers a large reluctance to the armature mmf and reduces the armature reaction. This 
reduces the value of synchronous reactance. Since synchronising power Is Inversely proportion to 
synchronous reactance, the smaller synchronous reactance will develop higher value of synchronising 
power. 

Q.2. Will an increase in excitation of an alternator connected to infinite hus-hars increase its real power 
generation? 

Ans. No, real power generation will not be affected. It will remain the same. 

Q.3. What do you understand hy synchronising power and what is its significance? 

Ans. When the equilibrium of a synchronous generator connected to infinite bus-bars in disturbed due to any 
reason, a synchronising current flows through it which develops synchronising power. The tendency 
of the synchronising power is to bring the machine back in to synchronism. 

Q.4. How can the load sharing between the alternators operating in parallel be changed? 

Ans. The load sharing between the alternators operating in parallel can be changed by adjusting the input 
power to their prime-movers. 

Q.5. Do the non-salient pole type of alternators employed at steam power plants have a tendency to 
hunt? 

Ans. No, they don’t have the tendency to hunt. 

Q.6. What are the causes of hunting in synchronous machines? 

Ans. In synchronous machines, hunting occurs due to sudden change in load on the machine. 


Review Questions 

1. Explain what you understand by Infinite Bus-bars. 

2. What are the advantages of connecting alternators in parallel? What conditions are required to be fulfilled 
before connecting an alternator in parallel with the existing alternators? 

3. What is the necessity of parallel operation of alternators? What conditions are required to be satisfied 
before connecting an alternator to the infinite bus-bars. 

4. What are necessary conditions for parallel operation of three-phase alternators? 
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or 

State the necessary conditions which must be satisfied before an incoming aiternator is switched ON 
with other aiternator aiready working in paraiiei. 

5. What is meant by synchronising? What are the various methods of synchronisation. Expiain any one of 
them. 

6 . Describe “One dark and two bright” iamp method of synchronising two three-phase aiternators. 

7. Expiain the term synchronising. Discuss any one methods of synchronising of 1-phase aiternators. 

8. Expiain with diagram any one method of synchronising of two three-phase aiternators 

9. What are the advantages of connecting the three synchronising iamps in a manner so as to give one dark 
and two birght instead of aii dark at a time whiie synchronising an aiternator? 

10. Discuss the use of synchroscope in the paraiiei operation of three-phase aiternators. 

11 . An aiternator has just been synchronised and is fioating on the bus-bars. What steps wiii you take to make 
it share ioad? Justify your answer with the heip of a phasor diagram. 

12. What steps shouid be taken before an aiternator is switched off from infinite bus-bars? 

13. Derive an expression for synchronising power and torque when two aiternators are running in Paraiiei. 

14. Two identicai aiternators are running in paraiiei sharing equai ioad. What is the effect on their ioad sharing 
if: 

(/) Fieid excitation of one of the aiternators is increased. 

(//■) input power of one of the aiternators is increased. 

15. Expiain the effect of change in excitation of a synchronous generator connected to an infinite bus-bars. 

16. if two aiternators are operating in paraiiei, what is the effect on the phasor of their induced emf of 
increasing the torque of one of the prime mover driving one of them. Show that the resuitant emf produces 
a circuiating current caiied synchronising current and the action of this current is such that it makes the 
paraiiei operation of aiternators a conditions of stabie equiiibrium. 

17. Two aiternators with negiigibie synchronous reactances as compared to their resistances are Connected 
in paraiiei. Wiii they be in position to run successfuiiy? Justify you answer. 

18. Expiain the factors that affect the ioad sharing between the two synchronous generators running in 
Paraiiei. 

19. What do you understand by ‘power angie’ of a synchronous generator? Wiii it increase or decrease if the 
input to the prime-mover of the machine connected to infinite bus-bar is Increased? Justify your answer. 

20. Drive the condition for maximum power output of a synchronous generator connected to an infinite bus 
and operating at constant excitation. 

21. “Synchronous reactance is necessary for the fiow of synchronising power’. Justify the statement. 

22. How does change in the excitation of the aiternator connected to infinite bus-bars affect the operation? 

23. How does change in the driving torque of the aiternator connected to infinite bus-bars affect the operation. 

24. “It is desirabie to adjust the frequency of the incoming machine siightiy higher than that of the bus with 
which it is to be connected”. Justify the statement. 
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25. What do you understand by hunting in synchronous generators? What are the iii-ettects of hunting. How 
hunting can be minimised? 


Multiple Choice Questions 

1. The speed ot prime mover for an aiternator is maintained constant by 

(a) tiiters (d) coupiing 

(c) brakes {d) governors 

2. Two aiternators are operating in paraiiei. What wiii happen when the excitation of A is increased? 

(a) aiternator wiii burn out (d) wattiess component wiii change 

(c) power output wiii reduce (d) the machines wiii stop 

3. Two aiternators A and B have the same % age impedance. They wiii share any additionai ioad. 

(a) equaiiy (d) in proportion to their pf 

(c) in proportion to their kVA rating (d) in proportion to their speed. 

4. Which of the foiiowing is not an essentiai conditions for paraiiei operation of two aiternators? 

(a) identicai terminai voitage tor two machines 

(d) same phase sequence for two machines 

(c) same kVA rating for two machines 

(d) same frequency of voitage generated. 

5. A common ioad is suppiied by two identicai aiternators A and B running is paraiiei. Both ot them are 
having identicai excitations and steam suppiies to their prime-movers. Now, it the steam suppiy to the 
prime-mover ot generator/! is increased compared to 6with tieid excitation kept unchanged, then. 

(a) Active power of A wiii remain the same but the reactive power wiii increase. 

(d) Active power of A wiii decrease whiie the reactive power wiii increase. 

(c) both active and reactive components ot power of generator A wiii increase. 

(d) active power contribution ot A wiii increase but reactive power contributions of both wiii remain 
unchanged. 

6 . Synchronising current means 

(a) The totai current suppiied to the ioad by the aiternators operating in paraiiei. 

(d) The current circuiating in the iocai circuit ot two aiternators operating in paraiiei which brings the 
aiternators in synchronism once they are out of it. 

(c) The current suppiied by the synchronous generator. 

(d) Aii of the above. 

7. An inductive ioad is shared by two identicai synchronous generators A and B equaiiy, if the excitation of 
aiternator A is increased. 

(a) Aiternator A wiii deiiver more current and aiternator 6 wiii deiiver iess current. 

(d) Aiternator Bwiii deiiver more current and aiternator/! wiii deiiver iess current. 

(c) both wiii continue to deiiver same current. 

(d) both wiii deiiver more current. 

8. The governor droop characteristics of two 300 MW and 400 MW aiternators appearing in paraiiei are 4% 
and 5%, respectiveiy. if the aiternators operate at no-ioad at 50 Hz, the trequency at which they wouid 
operate with a totai ioad of 600 MW is 

(a) 48.06 Hz. (b) 47.06 Hz. 

(c) 49.66 Hz. (d) 47.66 Hz. 
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9. Two alternators each having 4% speed regulation are working in parallel. Alternator 1 is rated 12 MW and 
alternator 2 is rated 8 MW. When the total load is 12 MW, the load shared by alternators 1 and 2 would 
be, respectively 

(a) 4 MW and 8 MW. (b) 8MW and 4 MW. 

(c) 4.8 MW and 7.2 MW. (c) 12 MW and zero. 


10. The following data pertaining to two alternators working in parallel and supplying a total load of 75 MW: 
Machine 1: 50 MVA with 5% speed regulation 
Machine 2: 75 MVA with 5% speed regulation 
The load sharing between machine 1 and 2 will be 
(a) 45 MW and 30 MW (b) 40 MW and 35 MW 

(c) 35 MW and 40 MW (b) 30 MW and 45 MW 


11. An infinite bus-bar has 
(a) constant voltage, 
(c) constant current 


(b) constant frequency, 
(b) both (a) and (b). 


Keys to Multiple Choice Questions 


l.d 

2.b 

3.C 

4.C 

5.d 

6.b 

7. a 

8. a 

9.C 

10.d 

11.d 
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Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

,/ What is the basic principle ot operation ot a synchronous motor? 

V How synchronous motor operates on load? 

V How to determine relation between supply voltage I/and excitation voltage E. 

^ What are the different torques developed in a synchronous motor? 

^ How to draw a power flow diagram ot a synchronous motor? 

^ What is the effect ot change in excitation when load on the machine is kept constant? 
^ What is the effect ot change in load when excitation is kept constant? 

^ What are V-curves and inverted V-curves. 

^ What are the different methods by which a synchronous motor is made self-starting? 
^ How a synchronous motor is used to improve the pt ot a system? 

^ What are the important characteristics and applications ot synchronous motors? 

^ How synchronous motors are compared with induction motors? 


Introduction 

The same synchronous machine can be used as a generator or as a motor. When it converts mechanical 
power or energy into electric power or energy, it is called a synchronous generator. On the other hand, 
when it converts electric power or energy into mechanical power or energy, it is called a synchronous 
motor. 

For instance, if two alternators A and B are operating in parallel and the power input to one of 
the alternator say ‘A’ is increased, it starts delivering more power. Since the demand of the load is 
unaltered, the alternator ‘B’ will thus be relieved off load by an equal amount. If this process is 
continued till output power of alternator ‘A’ becomes more than the total load supplied, then the 
alternator ‘B’ instead of supplying power starts receiving power from the bus-bars. Thus, the machine 
starts working as a motor. However, when two alternators A and B (or any number of alternators) are 
operating in parallel and the driving force (power input) of any one of them is removed, it continues to 
run as a motor by receiving power from the other alternator (or bus bars). 

Thus, the machine starts working as a motor and is called synchronous motor. 
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Hence, a synchronous machine can be operated as a generator (called alternator or synchronous 
generator) or a motor (called synchronous motor). 


Excitor 
(DC Gen.) 


Mounting for 
Excitor 


Synchronous 

motor 



Mounting for 
synchronous 
motor 


Fig. 8.1 Synchronous motor with exciter 


Note: The construction of synchronous motor is same as that of synchronous generator or 
aiternator. in fact, the same machine can be operated as a generator or as a motor. 


8.1 Working Principle of a Three-phase Synchronous Motor 

When a 3-phase supply is given to the stator of a 3-phase wound synchronous motor, a revolving 
field is set up (say in anticlockwise) which rotates at a synchronous speed {N^ = )• This field 

is represented by the imaginary stator poles. At an instant as shown in Fig. 8.2(a), the opposite poles 
of stator and rotor are facing each other (for simplicity two-pole machine is considered). As there is 
a force of attraction between them, an anticlockwise torque is produced in the rotor as the rotor poles 
are dragged by the stator revolving poles or field. 

After half a cycle, polarity of the stator poles is reversed whereas the rotor poles could not change 
their position due to inertia. Thus, like poles are facing each other and due to force of repulsion a 
clockwise torque is produced in the rotor as shown in Fig. 8.2 {b). 

Hence, the torque produced in a 3-phase synchronous motor is not unidirectional and as such 
this motor is not self-starting. 

However, if rotor of synchronous motor is rotated by some external means at the start so that it 
also reverses its polarity as the polarity of stator poles is reversed after half a cycle as shown in Fig. 
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8.2(c). A continuous force of attraction between stator and rotor poles exists. This is called magnetic 
locking. Once the magnetic locking is obtained, the rotor poles are dragged by the stator revolving 
field (imaginary poles) and a continuous torque is obtained. As the rotor poles are dragged by the 
stator revolving field, hence the rotor rotates at the same speed as that of stator revolving field, i.e., 
synchronous speed. 

Thus, a synchronous motor only runs at a constant speed called synchronous speed. 



(a) Position of poles at instant f (b) Position of poles after half cycle (c) Position of poles after half cycle 

with initial torque 

Fig. 8.2 Representing working principie with initiai torque 


8.2 Effect of Load on Synchronous Motor 

When a synchronous motor is connected to the lines and started by some external means, it starts 
rotating at synchronous speed. If the motor is running at no-load and has no losses (ideal condition), 
then the induced emfE is equal and opposite to applied voltage V as shown in Fig. 8.3(a) and the 
stator and rotor poles are in line with each other as shown in Fig. 83(b). The resultant em/and hence 
the current drawn by the motor is zero. Thus, the motor is said to be floating on the lines. 



(a) Phaser diagram (b) Position of poles 

Fig. 8.3 Synchronous motor on no-load (ideal condition) 


However, in actual machine some losses are always present with the result induced emfE falls 
back by an angle (5 q relative to the stator poles as shown in Fig. 8.'i{b). This causes a resultant voltage 
E^ across the armature circuit and motor draws no-load current Iq (/q = E^IZ^) from the mains. This 


no-load current lags behind the resultant voltage by an angle 6 where 6 = tan ' 


is the 

R ^ 
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synchronous reactance and R is the resistance of armature (stator winding). Since resistance is very 
small as compared to synchronous reactance, therefore angle 9 is nearly 90°. The power drawn by 
the motor at no-load is VIq cos (j)^ which is sufficient to meet with the losses and make the motor 
running continuously at synchronous speed. 



(a) Phasor diagram (b) Position of poles with displacement 

Fig. 8.4 Synchronous motor at no-load (considering losses) 

However, when load is applied through the shaft on the motor, the rotor poles fall back a little 
more (angle S) relative to stator poles as shown in Fig. S.5(b). Hence the torque angle increases to 5 
with the increase in load. This increases the resultant voltage which in turn increases the current 
/ (/ = E^IZ^ drawn by the motor from the mains. 

Thus, a synchronous motor is able to supply power to the increased mechanical load, not by decrease 
in speed, but by shifting the position of the rotor poles with respect of the stator poles or field. 



(a) Phasor diagram (b) Position of poles with displacement 8 

Fig. 8.5 Synchronous motor at load 

When load applied on the shaft of the motor is further increased, the induced, emfE falls back 
further. Hence load angle (torque angle) 5 increases with the increase in load. When 5 increases the 
resultant voltage E^ increases and so the armature current I. If too great mechanical load is applied 
to the synchronous motor, the rotor is pulled out of synchronism, after which it comes to stand still. 

This maximum value of torque that a motor can develop without losing its synchronism is called 
pull-out torque. 






Synchronous Motors 


669 

8.3 Equivalent Circuit of a Synchronous Motor 

The equivalent circuit of a synchronous motor is the same, in all respects, as that of a synchronous 
generator, the only difference is that the direction of power flow is reversed in this case, as shown 
in Fig. 8.6. In the equivalent circuit 

V = Voltage applied to the armature (phase value) 

/ = armature current (phase value) 

R = effective armature resistance in ohm per phase 
= synchronous reactance per phase 
E = excitation voltage (phase value) 

= synchronous impedance per phase 
Ij. = exciting or field current 

where, Zs = R + jX^ = Ztan~* ohm 

For synchronous motor: 

V = E + /Zs = E + J(R + jXg) = E + 1 r + jlXg ...(i) 

or E = V-IZs = V-1(R + jXg) = V-1R-jlXg ...(ii) 



Fig. 8.6 Equivalent circuit 


8.4 Phaser Diagram of a Synchronous Motor (Cylindrical Rotor) 

A 3-phase cylindrical rotor synchronous motor may operate at different power factors i.e., lagging, 
unity or leading. Accordingly its phasor diagram is drawn with the help of above equations. 

(i) Phaser Diagram for Lagging Power Factor 

The phasor diagram may be drawn by considering equation E = V - IR - jlX^. 

The phasor diagrams are shown in Fig. 8.1(d) and (b). 

To draw the phasor diagram, proceed as follows: 

1. Supply voltage V (phase value) is taken as reference vector such that OA = V. 

2. Armature current I lags behind the voltage vector by an angle cj) for lagging p.f. such that 
01 = 1 . 
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3. Draw phasor AB = -IR in phase opposition to current phasor as shown in Fig. 8.7(a) or draw 
phasor AD = -IX^ perpendicular to current phasor but is opposite direction as shown in 
Fig. 8.7(fo). 

4. Draw phasor BC = - IX^ perpendicular to current phasor but in opposite direction as shown 

in Fig. 8.7(a) or draw phasor DC = -IR in phase opposition to current phasor as shown in 
Fig.8.7(fo). _ __ _ _ _ 

Hence, E = V — IZgOxV = E + IZg 

5. Join OC, which represents phasor E i.e., induced emf per phase. 

6. The phase difference between V and E i.e., angle 5 is known as power angle or torque angle. 




(a) Considering drop iR first (b) Considering drop iXg first 

Fig. 8.7 Phasor diagram for lagging PF 

(ii) Phasor Diagram at Unity Power Factor 

1. Draw reference phasor OA = V (supply phase value) 

2. Draw current phasor 01 = I ’m phase with OA. 

3. Draw phasor AB = -IR in phase opposition to current phasor as shown in Fig. 8.7(a) or draw 
phasor AD = -IX^ perpendicular to current phasor but in opposite direction as shown in 
Fig. 8.7(fo). 

4. Draw phasor BC = - IX^ perpendicular to current phasor but in opposite direction as shown 
in Fig. 8.8(a) or draw phasor DC = -IR in phase opposition to current phasor as shown in 
Fig. 8.8 {b). 

5. Join OC, which represents phasor E i.e., induced emf per phase. 



(a) Considering drop IR first 



Fig. 8.8 Phasor diagram for unity pf 
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6 . The phase difference between V and E i.e., angle S is known as power angle or torque angle. 
Hence, E = V — I or V = E + I Zg 

(iii) Phasor Diagram for Leading Power Factor 

1. Draw a reference phasor OA = V (supply voltage phase value) 

2. Draw current phasor 01 = 1 leading the phasor OA (i.e., V) by an angle cj) since pf cos cj) is leading. 

3. Draw phasor AB = -IR i.e., drop in armature resistance per phase, parallel to current phasor but 
in phase opposition as shown in Fig. 8.9(a) or draw phasor AD = - IX^ i.e., drop in synchronous 
reactance per phase, perpendicular to current phasor but in opposite direction as shown in Fig. 
8.9(h). 

4. Draw phasor BC = -IX^ i.e., drop in synchronous reactance per phase, perpendicular to current 
phasor but in opposite direction as shown in Fig. 8.9(a) or draw DC = -IR i.e., drop in armature 
resistance per phase parallel to current phasor but in phase opposition as shown in Fig. 8.9(b). 

5. Join OC, which represents phasor value of E i.e., induced emf per phase. 

6. The phase difference between V and E i.e., angle S is known as power angle or torque angle. 
Hence, E = V - I Zg or V = E + I Z^ 



C C 

(a) Considering drop IR first (b) Considering drop IXg first 

Fig. 8.9 Phasor diagram for leading pf 


8.5 Relation between Supply Voltage V and Excitation Voltage E 

The relation between excitation voltage E (phase value) and supply voltage V (phase value) can be 
determined for different power factors either by using phasor diagram or complex algebra. 

Determination of a Relation by using Phasor Diagram 

Eor lagging power factor, consider phasor diagram shown in Fig. 8.7(h). 

From right angle triangle OCG 

OC^ = OG^ + CG^ = (OE - EGf + (DFf = (OE - DC)^ + (AF - AD)^ 
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£■2 = (Y QOS (j) - IRf- + (V sin (j) - IX^f- 

or E= i/(y cos 0 - mf + {V sintj) - IX^ f 

For unity power factor, consider phasor diagram shown in Fig. 8.8(fo). 

From right angle triangle OCG 

or OC^ = OG^ + CG2 = (OA - AGf + CG^ = {OA - DCf + DA^ 

£■2 = {V-IRf + {IX 

or E= ^{V - IRf + {IXsf 

For leading power factor, consider phasor diagram shown in Fig. 8.9{b) 

From right angle triangle OCG. 

OC^ = OG^ + CG2 = {OF - FGf + DF^ = {OF - DCf + {FA + ADf 
E^ = {Vcos (j)- IRf + {V sin tj) + IXff 

or E = ^j{V cos 0 - IRf + {V sin 0 + IXg f 


Determination of Relation by using Complex Algebra 


Since V is the reference vector, V = VZ0° = V±j0 
Synchronous impedance, Zs = R + jX^ 

Armature current, I = IZ - (j) = I cos (j)-jl sin (j) (for lagging/?/) 

= IZ0° = I ± jO (for unity pf) 

= IZ+ (j) = I cos (j) + jl sin (j) (for leading pf) 

Excitation voltage is given as, E = V - IZs 
For lagging power factor (cos 

E =VZ0°-{Icos (j)-jl sin (ji) {R + jXf) 

= V±jO - [IR cos (j)+j IXg cos (j)-jIR sin cj) + IX^ sin 
= {V - IR cos (j) - IX^ sin f) - j {IX^ cos (j>-IR sin f>) 


Now, 


E =EZS° 

E = yj{V - IR cos (j) - IXg sin (j))^ + {IXg cos (j) - IR sintj))^ 


ZS 


-tan 


IX^ cos (j) — IR sin (j) 

V - IR cos (j) - IXg sin 0 


Similarly, for leading power factor (cos 0) 


(lagging) 


E = ^{V - IR cos (j) + IX g sin 0)^ + {IX^ cos (j) + IR sin 0)^ 

I IX g COS0 + IR sin0 

V - IR cos 0 + IX g sin 0 


ZS = -tan 


(lagging) 
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For unity power factor (cos (j>= I', sin ^ = 0) 

E= 7(V - IRf + {IXsf 
IX 

Z5 = -tan“' (lagging) 


8.6 Different Torques in a Synchronous Motor 

The following torques of a synchronous motor are usually considered while selecting it for a particular 
application: 

1. Locked-rotor torque. The minimum torque at any angular rotor position that is developed 
with the rotor locked (that is, stationary) and rated voltage at rated frequency is applied to the 
terminals is called locked rotor torque. This torque is provided by the stator windings. 

2. Running Torque. The torque developed by the motor under running conditions is called running 
torque. It is determined by the power rating and speed of the driven machine. 

3. Pull-in torque. A synchronous motor is usually started as induction motor. When it runs 2 to 5 
percent below the synchronous speed, DC excitation is applied and the rotor pulls into step with 
the synchronously rotating stator field. The pull-in torque is the maximum constant torque at 
rated voltage and frequency under which a motor will pull a connected load into synchronism 
when DC excitation is applied. 

4. Pull-out torque. The maximum value of torque which a synchronous motor can develop at 
rated voltage and frequency without losing synchronism is called pull-out torque. 


8.7 Power Developed in a Synchronous Motor (Cylindrical Rotor) 

Considering circuit diagram of a cylindrical rotor synchronous motor shown in Fig. 8.6 and its phasor 
diagram for lagging power factor shown in 8.1(b). Here E lags behind V by an angle 5, then 

V = VZ0° and £ =EZ-5 

Also V=E + lZs ...(8.7.1) 

j ^ V- E ^ VZ0° _ EZ-d 

zs ZgZe ZgZe 

= ^z-e-^ z-(d + e) 

or 1*= ^Z6--§- Z(5 + 6) ...(8.7.2) 

Power Input to Motor Per Phase 


Apparent power = Active power + j Reactive power 
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S. =P. + iO. =VI* 

im im ''^im 

= (VZO°) 


^ze-^z(d + e) 


V 


^ ZG-^Z{5 + G) 


y^ 

— cos 0 + j — sin G 


^ cos (5 + 0) + j ^ sin (5 + G) 


V 


cos G - ^ cos (5 + G) 


Real Power Input to the Motor (Per Phase) 

Taking real part of eqn. 8.7.4, we get, 


+ J 


V 


sin G - ^ sin (S + G) 


P. = cos G - cos {5 + G) 


VE 


cos (d + G) 


where, = 90° - a 


cos (5+ G) = cos [90 + ((?-«)]=- sin (5 - a) 


P. 


^R + ^-sin (d-a) 

7t Zc 


Reactive Power Input to the Motor (Per Phase) 

Taking imaginary part of the eqn. (8.7.4), we get. 


Q. = sin G - -^sin(5 + G) 

^im 7 7 ^ ^ 

e,>,= $^5-^sin(5 + 0) 
where 0 = 90 - a, sin (5 + 9) = sin [90 + ((5 - a)] = cos {5 - a) 


VE „■ 


...(8.7.3) 


...(8.7.4) 


...(8.7.5) 


...(8.7.6) 


...(8.7.7) 


...(8.7.8) 


Power Output of Motor Per Phase 
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(£Z-5) ^Z0-^Z(5 + 0) 

_^s 


= ^ z{e-5)-^ze 


^cos {9- 5) + sin {6-5) - ^cos 0 + y ^ sin 0 
^ cos (6 - 5) - ^ cos 9 + J ^ sin (9 - 5) - ^sin 9 


...(8.7.10) 


Real Power Output of the Motor Per Phase 

Taking real part of the eqn. (8.7.10), we get, 


Pom = ^cos {9-5)- — COS 9 


...(8.7.11) 


= cos {9-5)-R 

where 9 = 90° - a; cos {9- 5) = cos [90° - (5 + a)] = sin {5 + a) 


.(8.7.12) 


p = M sin (5 + a)-^R 

om ^ ^ ' ry2 

s 


...(8.7.13) 


In large machines, usually the value of armature resistances R is so small than the synchronous 
reactance that it is neglected, then 0 = 90°. Considering eqn. 8.7.11, 

n VE , n VE .CIO s:\ oao 

Pom = ^ -5)- ^cos 90° 


VE ■ o 
= -:^sm 5 


...(8.7.14) 


This is also known as synchronising power of the motor. For 3-phase machine, 

\^E 

Synchronising power, P =3 sin 5 

syn Xg 


...(8.7.15) 


Reactive Power Output of the Motor Per Phase 

Taking imaginary part of the eqn. (8.7.10), we get, 

n VE ■ .n oy E^ ■ n 

Qom = ^ sm (0 - d) - — sm 9 


...(8.7.16) 


= ^sin {9-5)-P^Xs 


where 9= 90° - a; sin {9- 5) = sin [90° -{a + S')] = cos {a+ 5) 
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^cos(a+5)-f^X, ...(8.7.17) 

Zg 

For a synchronous motor, actual power developed in the motor is and the power available at 
the shaft will be 

Power at the shaft = Mechanical power developed - rotational losses 
where Rotational losses include friction, windage and core loss. 


Maximum Power Output of the Motor 

For maximum power output, differentiate with respect to the variable i.e., torque angle 5 and 
put that equal to zero, i.e.. 



= 0 and 


dd^ 


< 0 



d 

dS 


^ sin (5 + a) - ^ R = 0 

^2 J 


...(8.7.18) 


^ cos (5 + a) =0 

or cos ((5 + a) = 0 or (5 + a = 90° or (5 = 90° - a 

or 5=9 



...(8.7.19) 

...(8.7.20) 

...(8.7.21) 


8.8 Phasor Diagrams of a Salient-pole Synchronous Motor 

The voltage equation for a salient-pole synchronous motor is 
V = E + lR+jI^,+jIX^ 

where 

V = terminal voltage (phase value); E = induced emf (phase value); 

I = armature current (phase value); = direct axis current; 

= quadrature current; R = armature resistance; 

= direct axis reactance; X^ = quadrature reactance; 
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(a) For Lagging Power Factor cos (f) 

The phasor diagram at lagging pf cos cj) is shown in Fig. 8.10. 

OD = OA+AC+CD 
Vcos5=E + IR + IX, 

q da 

BH = BC+ CH 
IX =I,R+V sin 5 

q q d 

y/= (/)- 5 

/j = / sin y/= I sin ((/)-§) 

Iq = I cos I// = / cos ((/)- S) 



Fig. 8.10 Phasor diagram of a salient-pole synchronous motor at lagging power factor 

After combining the above equations, we get 

IX cos ((/) - S) = IR sin {(j) - S) + V sin 5 
IX^ (cos cj) cos (5 H- sin ^ sin S) = IR (sin cj) cos 5 - cos ^ sin (5) -H F sin 5 
{V- IX^ sin cj)- IR cos cj)) sin 5 = (IX^ cos cj)- IR sin cj)) cos 5 

IX„ cos d) - IR sin 0 
V - IX^ sincj) - IR cos (j) 

(b) For Leading Power Factor cos (j) 

The phasor diagram at leading pf cos 0 is shown in Fig. 8.11. 

F j'dXd 



Fig. 8.11 Phasor diagram of a salient-pole synchronous motor at leading power factor 

As per phasor diagram shown in Fig. 8.11. 

OA = E,AC = IR, BD = I^X^,DF = I^, 
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OF = V, AC = AB cos y/ = IR cos y/ = I^R 
BC = AB sin i// = //? sin i// = IJi 

Also, OA = OH + HA = OH + HC-AC=OH + FD-AC 

E = Vcos S + IJC,-1 R 
HF = CD = CB + BD 
V sin S = I,R + I^^ 
y/= (j>+ 5 

Ij = I sin y/ = I sin {(/)+ S) 

= I cos i//= / cos {(/)+ S) 

Substituting the values of /^ and /^ we get, 

y sin (5 = IR sin ((/>+ 5) + IX^ cos {(/> + (/>) 

= IR (sin ch cos 5 + cos ^ sin (5) + IX (cos ch cos (5 - sin ^ sin 5) 

Separating the terms containing sin 5 and cos 5, we get 

(V + IX sin (/)- IR cos (j)) sin 5 = (IX cos ^ + IR sin cos 5 

IX„ cos 0 + IR sin 0 
" t^ri (5 ” ^ ' 

V + IX^ sin0 - IRcos 0 

(c) Unity Power Factor 



Phasor Diagrams of Salient-pole Synchronous Motor Neglecting 
Armature Resistance 

In the modem synchronous machines or motors, the value of resistance in so small in comparison to reactance 
that it is neglected. In such cases, the phasor diagram of synchronous motor are modified as shown in Fig. 8.12. 



(a) Lagging pt 


(b) Leading pf 
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Fig. 8.12 Phaser diagram of a salient-pole synchronous motor, neglecting R 


8.9 Power Developed in a Salient-pole Synchronous Motor 


The expressions for the power developed by a salient-pole synchronous generator derived in chapter 
3 also apply to a salient-pole synchronous motor. 

Real power developed per phase in watt, 


VE 


^ X 


V£L • e , V 

-T^sino + 




sin 2d 


Real power developed by three phases in watt 3Pj^ 


Reactive power per phase in VAR 


01 ^ = ^ cos 5 - 25] 

Reactive power for three phases in VAR, = 3Q^^ 

All the power equations are true for both salient-pole synchronous generators and synchronous 
motors. The torque angle 5 is positive for the generator and negative for the motor. 

The expression sin 5 represents excitation ] 
whereas the expression 


1 power. 


-L + X 

^d 


sin 2 5 represents reluctance power. Thus, 


r- • • . VE . ^ 

Excitation power per phase = sm o 

^d 


Reluctance power per phase = — 






sin 2d 


8.10 Power Flow in a Synchronous Motor 

The power flow diagram for a synchronous machine working as a motor is shown in Fig. 8.13. 
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Input 

(Elect. Power) 


Electrical power Input - Copper loss 
= Mechanical Power developed 


Mechanical Power Developed 
- Iron loss - Mechanical loss 
= Mechanical power output (oiTm) 






Mech. power 
output {(uTm) 


Copper losses Iron losses + Mechanical losses 


Fig. 8.13 Power flow diagram for a synchronous motor 


Example 8.1 

A 2.3 kV, 3-(p star-connected synchronous motor has = (0.2 + j2.2) ohm per phase. The motor 
is operating at 0.5 power factor leading with a line current of200 A. Determine the generated emf 
per phase. 

Solution by using phasor algebra 

Supply voltage (phase value), V = X 1000 _ ^^2^ V 

v3 

Taking V as reference vector, V = VZ0° = V±jQ 

p.f, cos (j) = 0.5; sin cos“^ 0.5 = 0.866; cp = cos^' 0.5 = 60° leading. 
Current, 7 = IZ + tp' = 200 Z 60° 

Impedance, Z = R+ jX^ = (0.2 + j2.2) ohm 

= sl(0.2f + (2.2)^ Ztan“' = 2.21 Z84.8° 

Now, E =V - IZs 

= (V± jO) - [(200 Z 60°) (2.21 Z84.8°)] 

= 1328 - [442 Z 144.8°] 

= 1328 - [442 cos 144.8° + j sin 144.8°] 

= 1328 - [442 X (- 0.8171) + yO.5764)] 

= 1328 - [-361.16 + y254.77] 

= 1689.16 -;254.77 = 1708 Z-8.58° 

Generated emf/phase, E = 1708 V (Ans.) 

Torque angle, S = 8.58° lagging (Ans.) 



Fig. 8.14 Phasor diagram 
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Solution by vector method 

Supply voltage (phase value), V = X 1000 _ ^^28 y 

v3 

Input current, / = 200 A 

Power factor, cos cj) = 0.5; cj) = cos“^ 0.5 = 60°; sin cj) = 0.866 
Angle between £^and I, 0 = tan“' = tan“' = 84.8° 


Synchronous impedance/phase, = -^((h2)^~-(-~(ZZ^ = 2.21 £2 

Voltage drop in impedance, i.e., = IZ^ = 200 x 2.21 = 442 V 

From phasor diagram shown in Fig. 8.14. 

Induced emf, E = ^Jv^ + E^ - IVE^. cos{0 + 0) 

= 7(1328)^ + (442)2 _ 2 X 1328 x 442 X cos(84.8° + 60°) 
= 1708 V (Ams.) 

New, from phasor diagram, 

. ^ or sin S=^X sin (6 + 0) 

sm (G + 0) sm 0 E 


or 


sin S ■■ 


442 

1708 

442 


X sin (84.8° + 60°) 
X 0.5764 = 0.1492 


1708 

Torque angle, 5 = sin^^ 0.1492 = 8.58° lagging (Ans.) 


Note: All the numerical problems can be solved by either ot the two methods. 


Example 8.2 

A 3-phase, 400 V synchronous motor takes 60 A at a power factor of 0.8 leading. Determine the induced 
emf and the power supplied. The motor impedance per phase is (0.25 + j3.2)Q.. 


Solution: 

Here, Phase voltage, V = 
For leading power factor 


400 

Vi 


231 V ; / = 60 A; cos 0 = 0.8 leading; Z = (0.25 + j3.2) £2. 
£2 = (V cos 0 - IRf + (V sin 0 + IX/ 


= (231 X 0.8 - 60 X 0.25)^ + (231 x 0.6 + 60 x 3.2^ 
= (170)2 + (330)2 oj. £ = 7(170)^ + (330)^ 


£= 371.2 V 
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Line emf = 
Power supplied, = 


Vs X 371.2 =643 V(A«5.) 
sf3 I cos (j) 

V3 X 400 X 60 X 0.8 = 33255 W (Ans.) 


Example 8.3 

A 3-phase synchronous motor of 10 kW at 1100 V has synchronous reactance of 8 D. per phase. Find 
the minimum current and the corresponding induced emf for full-load condition. The efficiency of 
the machine is 0.8. Neglect armature resistance. 

Solution: 


Here, Power output, = 10 kW; = 1100 V; = 8 Q; rj = 0.8 

The current in the motor is minimum when the power factor is unity, that is, cos (j)= 1. 


„, . motor output 

Motor input = ——-— 
efficiency 


Phase voltage. 

For unity power factor 


P. = 

I 


V = 


^ ^ = l2.5kW 

ri 0.8 

Pi 12.5 X 10^ 

Sv, COS 0 V3x 1100x1 




1100 


= 635 V 


= 6.56 A (Ans.) 


£■2 = + (IX= (635f + (6.56 x 8)^ 

E = 637.25 V per phase (Ans.) 


Example 8.4 

A 6600 V, 3-phase, star-connected synchronous motor draws a full-load current of 80 A at 0.8 p.f 
leading. The armature resistance is 2.2 Q and synchronous reactance 22 Q per phase. If the stray 
losses of the machine are 3200 W, determine: (a) the emf induced; (b) the output power; (c) the 
efficiency. 

Solution: 


V= = 3810.6 V (phase value) 

V3 

/ = 80 A, cos 0 = 0.8, sin 0 = 0.6; R = 2.2 Q; A = 22 Q 
For leading power factor 

E = (V - IR cos 0 + IXg sin 0) - j (IX^ cos (/>-¥ IR sin 0) 

= (3810.6 - 80 X 2.2 x 0.8 + 80 x 22 x 0.6) -y(80 x 22 x 0.8 + 80 x 2.2 x 0.6) 
= 4725.8 -yi513.6 = 4962 Z-17.76° V 
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Induced line emf = Vs X 4962 = 8594 V (Ans.) 

Power input = \/3 X cos ^ = Vs X 6600 X 80 X 0.8 = 731618 W 
Total copper loss = 3/^ R = 3 x 80^ x 2.2 = 42240 W 
Stray loss = 3200 W 

Power output = power input - copper losses - stray loss 

= 731618 -42240 - 3200 = 686178 W (Ans.) 


. output 

Etticiency, n = -—-— 
' input 


686178 

731618' 


= 0.9379 p.u. (Ans.) 


Example 8.5 

A 1000 kVA, 11 kV, 3-phase star-connected synchronous motor has an armature resistance and 
reactance per phase of 3.5 Q and 40 Q, respectively. Determine the induced emf and angular 


retardation of the rotor when fully loaded at (a) unity power factor, (b) 0.8 power factor lagging,] 
(c) 0.8 power factor leading. 


Solution: 


„ 11x1000 r mxlOOO 1000x1000 COCA 

V = ;= = 6351; 1, = 1= - = — p- = 52.5 A 

V3 V3x 11000 

(a) At unity power factor 

V = yzo° = y + jO 
cos ^ = 1.0, ^ = 0° 7 = 52.49 Z 0° A 
E =V -1 (R + jXs) 

= 6351 - (52.49 Z0°) (3.5 + y40) = 6351 - (183.7 + ;2099.6) 

£Z5= 6167.3 -72099.6 = 6515 Z-18.8° V 

E = 6515 V per phase; a/3 X 6515 = 11.284 kV (Ans) 

5 = -18.8° (Ans) 

(b) At 0.8 power factor lagging 

cos (j) = 0.8, sin tj) = 0.6; 7 = 7 Z - ^ 

E = V-lZs =V-(1 Z-f)(R+jX^) = V-(l cos ]>-j 1 sin f)(R-\-jX^) 

= (V -1R cos (j)-1 Xg sin f) - j(lX^ cos tj)- IR sin f) 

= (6351 - 52.49 x 3.5 x 0.8 - 52.49 x 40 x 0.6) 

-7(52.49 X 40 X 0.8 - 52.49 x 3.5 x 0.6) 

EZ5= 4944-71569.5 = 5187 Z-17.6° V 
E = 5187 V per phase, 5 = - 17.6° (Ans.) 

Induced line voltage, a/3 X 5187 = 8984 V (Ans.) 
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(c) At 0.8 power factor leading 

1 = IZ+ (j) 

E = V -IZs = V - (IZ + (I))(R + jXs) 

= (V - IR cos (j) + IXg sin - j (IX^ cos ^ + IR sin 
= (6351 - 52.49 x 3.5 x 0.8 + 52.49 x 40 x 0.6) 

-y(52.49 X 40 X 0.8 + 52.49 x 3.5 x 0.6) 

£Z (5= 7463.8 -yi790 = 7675 Z-13.48° V 
E = 7675 V per phase {Ans) 

5 = -13.48° (Ans) 

Induced line voltage, 

E^= yf3 x 7675 = 13.3 kV (Ans.) 

Example 8.6 

The excitation corresponding to no-load voltage of a 3-phase synchronous motor running at 1500 
rpm is kept constant. Determine the power input, power factor and torque developedfor an armature 
current of200 A if the synchronous reactance is 5 El per phase and armature resistance is neglected. 


Solution: 


Supply voltage per phase, V = = 1732 V 

V3 

Induced emf per phase, E = = 1732 V 


Zs = R-\-jX^ = 0-\-j5 = 5 Z90° n 
E =V-lZs 


If V is taken as reference phasor, then for lagging power factor, 

1=lz-^ 

E = y -(IZ - ^) (5 < 90°) = y - 5 /Z(90° - ^) 

= y-5 x200Z90-^ 

= y - 1000 [cos (90° -(!>)+] sin (90° - (j))] 

= y - 1000 (sin (j)+i cos (j)) 

= (V - 1000 sin (j)} - j 1000 cos tj) 

£■2 = (y_ 1000 sin (1000 cos 

= y2 - 2V X 1000 sin (j) + (1000 sin + (1000 cos 
17322 = 17322 - 2 X 1732 x 1000 sin (j) + (1000)2 
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Input power 


Also, 


2 X 1732 X 1000 sin cj) = (lOOO)^ 

sin (j) = = 0.2887 ; (j) = sin-' 0.2887 = 16.78° 

^ X 1 ! 

cos (j) = 0.9574 (lagging) {Ans) 

Pt= cos (j) = V3 X 3000 X 200 X 0.9574 

= 994959 W = 994.96 kW (Ans.) 

2n N,T 

P. = -^ 

' 60 

P X 60 QQ4QSq 

Torque T = ‘ = 7712.5 Nm (Ans.) 

^ InNg 2n:xl500 


Example 8.7 

AS-tj), star-connected 6600 V synchronous motor has synchronous reactance per phase of 20 PI. For 
a certain load the input is 900 kW at normal voltage and the induced line emfis 8500 V. Determine 
the line current and power factor. 


Solution: 


y^=6600 V, y = 


Input, P; = 

Induced emf/phase E = 

Since E> V, the power factor is leading 

E = 


E = 
p2 = 

(4907.5)2 = 

(3810.5 + 20 / sin f) = 

/sin ^ = 

/ = 
cos (j) = 
1 = 


6600 

sl3 


= 3810.5 V ; A„= 20 Q, P = 0, Z„ = jX, = j20 ohm 


^VlI cos 0 or / cos 0 = 


900 X10" 
V3 X 6600 


= 78.73 A 


8500 


= 4907.5 V 


V - IZ 

(V+ jO) - (I Zf) (20 Z90°) = y - 20 /Z90° + 0 
y - 20 / [- sin 0 + j cos 0] 

(y + 20 / sin 0) - j (20 1 cos 0) 

(y + 20 / sin 0)2 + (20 I cos 0)2 
(3810.5 + 20 / sin 0)2 + (20 x 78.73)2 

V(4907.5)^ - (20 X 15.13f = 4648 

4648 - 3810.5 ,, 

- 20 - 

/cos 0 + jl sin 0 = 78.73 + 741.876 = 89.17 Z28° A 
cos 28° = 0.8829 leading (Ans.) 

89.17 A (Ans.) 


and 
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Example 8.8 

The resistance and synchronous reactance per phase of a 75 kW, 400 V, 4-pole, 3-phase, star-connected 
synchronous motor is 0.04 Q and 0.4 Q, respectively. Determine for full load 0.8 pf leading the open- 
circuit emfper phase and gross mechanical power developed. Assume an efficiency of 92.5%. 


Solution: 

Here, Motor output = 75 kW; = 400 V; P = 4; /? = 0.04 Q; = 0.4 Q 

Motor output _ 75 


Motor input = 
Armature current, I 


ri 0.925 

Motor input _ 81081 


COS (j) Vs X 400 X 0.8 


= 81.081 kW or 81081 watt 

= 146.3 A 


400 


Supply voltage/phase, V = —j=- = 231 V 

Vs 

Resultant voltage, = IZ^ = 146.3 yjiO.O^f + (0.4)^ = 58.81 V 


l=146.3A 



Internal phase angle, 6= tan ' — = tan ' = 84.3° 

^ ^ R 0.04 

From phasor diagram shown in Fig. 8.15, open circuit emf/phase, 

E= yjv^ + E^ - 2VE^ cos (G + 0) 

= 7(231V + (58.81)^ - 2 X 231 X 58.81 x cos(84.3° + 36.87°) 

= V70855 = 266.18 V (Ans.) 

Gross mechanical power developed for all the 3 phases, 

P =P. - 3/2p = 81081 - 3 X (146.3)2 X 0.04 
= 78512 watt or 78.512 kW (Ans.) 

Example 8.9 

The effective resistance and synchronous reactance of a 2000 V, 3-phase, star-connected synchronous 
motor is 0.2 and 2.2 Tl, respectively. The input is 800 kW at normal voltage and the generated 
line emfis 2500 V. Calculate the line current and power factor. 
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Solution: 


Supply voltage/phase, V = 


2000 


= 1155 V 
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Induced emf/phase, E = = 1443 V 

V3 

^ 2 2 

Internal phase angle of the motor, 9 = tan“* = tan“* = 84i 


Since induced emf is greater than supply voltage, the motor must be operating with a leading power 
factor. 


or 


I = 

Since power input = 
1 cos (j) = 


IZ (j) or I ={1 cos (f) + jl sin (j)) 

V3 cos ^ 

Power input _ 800 X 1000 ^ » 

V3 V3 X 2000 


Impedance voltage/per phase, Er = I Zs = (/ cos (j)+j I sin (0.2 + j2.2) 

= (231 + j I sin (j)) (0.2 + j2.2) 

= (46.2 - 2.2 1 sin + j (508.2 + 0.2 1 sin (j)) 

Now from phasor diagram shown in Fig. 8.16 

OA = 1155 V; AB = 1443 V; 6>= 84.8° 

OC = 46.2 - 2.2 1 sin BC = 508.2 + 0.2 1 sin cj) 

From the right angled AABC we have 

AB^ = BC^ + AC^ = BC^ + (AO + OCf 

or (1443)2 = (508.2 + 0.2 / sin ^)2 + [1155 - (46.2 - 2.2 7 sin ^)f 

or 7 (sin (j)) = 106 A 

Line current, 1^ = 1= ^j(I cos (j))^ + (7 sin 0)^ = ^(231)2 + (106)2 
= 254.16 A (Ans.) 

Power factor, cos (j) = ^ ^ = 0.909 (leading) (Ans.) 
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Example 8.10 

The resistance and synchronous impedance of a 400 V, 6-pole, 3-phase, 50 Hz, star-connected 
synchronous motor is 0.5 and 4T1 per phase, respectively. It takes a current of 20 A at unity 
power factor when operating with a certain field current. If the load torque is increased until the 
line current is increased to 60 A, the field current remaining unchanged, calculate the gross torque 
developed and the new power factor. 

Solution: 

Here/? = 0.5 Q; Z =4Q;Z = ^4^ - 0.5^ = 3.968 Q; 1=20 A 


V = ^ = 231V; 

V3 


At unity p.f., i.e., cos ^ = 1, sin ^ = 0 

E = V-IR-jlX^ 

= 231 - 20 X 0.5 -;20 x 3.968 = 221 -y79.36 
= 224.8 Z-19.75° V 

When load on the motor is increased, but the field current is kept constant, E remains the same. 
For lagging power factor cos 

£■2 = (y cos (j) + IRf-\r{V sin cj) + IX f 
= + (iz^f - 2VIZ^ cos (0-(j)) 

(224.8)2 = 2312 + (60 x 4)2 - 2 x 231 x 60 x 4 x cos {9- f) 

cos (0- ^) = = 0.545 

^ 2 x 231 x 60 x 4 

6>-^ = cos-' 0.545 = 56.97° 

tan 6> = % = = 7.936; 6>= tan-' 7.936 = 82.82° 

iv 0.5 

(l>= 9- 56.97° = 82.82° - 56.97° = 25.85° 

New power factor cos f = cos 25.85° = 0.9 (lag) {Ans) 

Motor input, = V3 cos 0 = V3 x 400 x 60 x 0.9 = 37412 W 
Total armature copper loss = 31^R = 3 x (60)^ x 0.5 = 5400 W 
Electrical power converted into mechanical power, 

p = p. - 3/2/? 


37412 - 5400 = 32012 W 


Synchronous speed, 

271 N^T 
60 


120/ _ 120 x 50 


= 1000 r.p.m. 
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X 60 ^ 32012 X 60 
2kN^ 2k X 1000 

= 305.7 Nm (Ans) 


Example 8.11 

The excitation to a 2000 V, 3-phase, 4-pole, Y-connected synchronous motor running at 1500 rpm 
is kept constant to produce an open-circuit voltage of2000 V. The resistance is negligible as compared 
to synchronous reactance of 3 DJphase. Determine the power input, power factor and torque 
developed for an armature current of200 A. 


Solution: 

Here, = 2000 V; = 2000 V; / = 200 A 

Supply voltage per phase, V= = 1154.7 V 

V3 

Induced emf per phase, E= = 1154.7 V 

V3 


Impedance drop per phase, E^= IZ^ = 200 x 3 = 600 V 

Internal angle, 6 = 90° resistance is negligible 

Assuming armature current lagging behind the supply voltage by an angle as shown in phasor 
diagram (Fig. 8.17). 


B 



In AAOB we have 
or 

or 


£2 = 
1154.72 = 

sin (j) = 

Power factor = 
Power input = 


- 2VE^ cos (90° - (j)) 

1154.72 + 6002 _ 2 X 1154.7 X 600 sin f 

_ 600^ _= 0 26 

2x 1154.7 x 600 

sin-1 0.26 = 15.06° 

cos 15.06° = 0.966 lagging {Ans) 

COS 0 = ^/3 X 2000 X 200 X 0.966 


= 669029 W 
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or 


Torque developed = 


Power input - copper losses in armature 
2n:N, /60 


Since armature resistance is neglected, copper losses in the armature are considered to be zero 


669029 

2k X 1500 / 60 


= 4259 Nm {Ans) 


Example 8.12 

A 2200 V, 3-phase, star-connected, 8-pole synchronous motor has impedance per phase equal to 
(0.4 + j6)Ei. When the motor runs at no-load, the field excitation is adjusted so that E is made equal 
to V. When the motor is loaded, the rotor is retarded by 3° mechanical. Calculate the armature 
current, power factor and power of the motor. What is the maximum power the motor can supply 
without falling out of step? 


Solution: 


E 

5 

1 


Armature current, I 


2200 

s 


1270.2 V = Z. = (0.4 + j6) = 6.0133 Z 86.18° 


3° mechanical = 3x j = = 12° (elec.) 


V - E _ VZ0° - EZ-d _ 1270.2Z0° - 1270.2Z - d 
Zs ~ Z^Ze ~ 6.0133Z86.18° 

1270.2 [1 - (cos 12° - j sin 12°)] _ 1270.2 X 0.2090 Z84° 
6.0133 Z86.18° “ 6.0133 Z86.18° 

44.15 Z-2.18°A 

44.15 A 


Power factor, cos cj) = cos 2.18° = 0.9993 lagging (Ans.) 

Total power input = Vs cos 0 

= V3 X 2200 X 44.15 X 0.9993 = 168116 W = 168.116 kW (Ans) 
Total copper loss = 31^R = 3 X (44.15)^ X 0.4 = 2339 W 


Power developed by the motor = motor input - copper losses 

= 168116 - 2339 = 165777 W = 165.777 kW 


Maximum power 


. _ EV e'^ j, 1270.2 X 1270.2 (1270.2)^ 

Zj Zl 6.0133 (6.0133)^ 

= 250459 W = 250.459 kW (Ans) 


Examnle 8.13 

The excitation supplied to a 3-phase, star-connected, 30 kW, 660 V, 50 Hz, 20-pole synchronous 
motor operating at rated voltage is such that it generates the same emf per phase as that of the 
supply voltage per phase. When loaded the motor is retarded by 3 mechanical degrees from its 
synchronous position. The synchronous reactance and armature resistance are 10 Q and 1 D. per 
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phase. Calculate (i) armature current per phase (ii) the power per phase and the total power drawn 
by the motor from the bus and (Hi) the developed power. 

Solution: 


Here, = 660 V; = 10 Q; /? = 1 Q; = 20;/= 50 Hz. 


Supply voltage per phase, V = 


660 


= 381 V 


Induced emf per phase, £ = 381 V (given) 

p 

Load or torque angle, S = — X angle of retardation in mechanical degrees 

= ^ X 3 = 30° electrical 
2 

Impedance per phase, = Vl^ + 10^ = 10.05 Q. 

Now from AAOB of phasor diagram shown in Fig. 8.18 

E^= +E^ - 2VE cos d 

= 7(381)^ + (381)^ - 2 X 381 X 381 cos 30° = 197.2 V 
^ 197 2 

(0 Armature current per phase, I = “ 19.62 A (Ans.) 


From AAOB of phasor diagram shown in Fig. 8.18. 


or 

or 


B 


A 

Fig. 8.18 Phasor diagram 

AB ^ OB 
sin ZA OB sin ZOAB 

381 ^ 197.2 

sin (0 + ^) sin 30° 

sin (0+(())= sin 30° = 0.966 

6>+«i= sin-1 0.966 = 75° 

9 = tan“' ^ = tan'* = 84.3° 
R. 1 



and 
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^ = 75° - 6 >= 75 - 84.3° = -9.3° i.e., 19.3° lagging 
Power per phase = V7 cos (j) = 381 x 19.62 x cos 9.3° 

= 7377 W or 7.377 W {Ans) 

Total power drawn = 3 x 7.377 = 22.313 kW (Ans.) 

Power developed = Total power drawn -3 f R 


22.313 - 


3 X (19.62r X 1 


= 22.313 - 1.155 = 21.158 kW (Ans.) 

Example 8.14 

A 500 V, 6 -pole, 3-phase, 50 Hz, star-connected synchronous motor has a resistance and synchronous 
reactance of 0.3 Q. and 3 Q per phase, respectively. The open-circuit voltage is 600 V. If the friction 
and core losses total 1 kW, calculate the line current and power factor when the motor output is 100 hp. 


Solution: 


Supply voltage per phase, V = —j=- = 288.7 V 

V3 

Induced emf per phase, E = = 346.41 V 

V3 

Total power developed, 3 = output H- mech. loss 

= 100 X 0.7355 -H 1 


74.55 kW 


Power developed per phase 


= 24.85 kW 
= 24850 watt 
X 

Internal angle, 6 = tan”' = tan”' — = 84.3° 
R 0.3 

Synchronous impedance/phase, Z = sfo. 3^ -I- 3^ = 3.015 Q. 


Power developed per phase is given as 


-^cos (0 - d) - — cos 0 


24350 = 346.41j< 288.7 ^.^4 30 (34^41) 30 

24850 = 33170.3 cos (84.3° -S) = 3953 
cos (84.3° - (5) = 0.8684 

84.3° - 5 = cos-' 0.8684 = 29.73° 
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or 5= 84.3° - 29.73° = 54.57° (lag) 

From phasor diagram shown in Fig. 8.19. 

E = 

r 

= 295.6 V 

Line current = Phase current, I = = 98.1 A {Ans) 

Again considering phasor diagram 

sin ( 6 >+ = ^sin 5 = ^^^sin 54.57° = 0.9542 

295.0 

or ^ + 6 > = sin -1 q 9542 = 72 . 7 ° 

or 6 > = 72.7° - 84.3° = -11.6° lagging 
Power factor = cos 11.6° = 0.98 lagging {Ans) 




Fig. 8.19 Phasor diagram 


Example 8.15 

The 400 V, 50 kVA, 0.8 power factor leading delta connected synchronous motor has synchronous 
reactance of 3 ohm, resistance neglected. It is supplying a 12 kW load with initial power factor of 


0.86 lagging. The windage and friction losses are 2.0 kW and the core losses are 1.5 kW. Determine 
the line current, armature current and excitation voltage. If the flux of the motor is increased by 20 
percent determine the excitation voltage, armature current and the new power factor. 


Solution: 

P. = P„ +all losses; P. = P + P , + P +P, = 12 + 2 + 1.5 + 0 = 15.5 kW 

I 0 *10 mech core elec 
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Now, P. = 3 V7j cos (j) 

Pj 15.5x10^ . 

1 SVcos^ 3 x 400x 0.86 

Since the power factor of the motor is 0.86 lagging, the phasor armature current is given by 

7i = /jZ - cos'* 0.86 = 15Z - 30.68°A 

Line current I^ = sIs I^ = ^/3 X 15 = 25.98 A (Ans.) 

The excitation voltage E is given by 

El = V- hZs = V-jl^ A 

= 400 Z0° -j3 (15 Z-30.68°) 

= 400 Z 0° - 45 Z 90° - 30.68° = 400 - 45 Z 59.32° 

= 400 - (22.96 + y38.7) = 377.04 = 738.7 = 379 Z-5.86° V 
If the flux is increased by 20%, then E will also increase by 20%. 

£2 = 1-2 ^1 = 1-2 X 379 = 454.8 V 

When flux is increased by 20%, the power supplied to the load remains constant, 

£j sin (5j = £2 sin ^2 

E 1 

sin (5, = -rr- sin 5, = — sin (-5.86°) = -0.085 
^ E 1.2 

2 

5^ = sin-1 (-0.085) = -4.88° 

The new armature current is given by 

- L - £2 _ 400Z0° - 454.8Z - 4.88° 

= 4r[400-(453.2- 738.69)] 

J ^ 

= ^(-53-2 + 738.69) = = 21.93Z58° A 

New power factor of the motor, cos = cos 58° = 0.53 leading {Ans) 

Example 8.16 

A 3-phase, 11 kV, 5000 kVA, 50 Hz, 1000 rpm star-connected synchronous motor operates at full 
load at a power factor of 0.8 leading. The synchronous reactance is 60% and the resistance may 
be neglected. Calculate the synchronising power and torque per mechanical degree of angular 
displacement. What is the value of maximum torque and the ratio of maximum to full-load torque? 

Solution: 

Here, Rating = 5000 kVA;/= 50 Hz; = 1000 rpm; cos tj) = 0.8 leading; 
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^. = 60%;<5„,,h=l°;^L=llkV 

, kVA X 10^ 5000 X 10^ ^ a 

1 = - 1= - = —j= -7 = 262.4 A 

sl3V, V3x 11x10^ 


Now, 

f= 

or 

p = 

or 

pair of poles, p = 


Phase voltage, V=%= = 6351 V 

s s 

Now. % X, = X ,00 „,X.= ^ X ^ m X Hi = 14.52 

E =V -IZs = V- (1 Z (p) (X^Z90°) 

= (V- IX^ sin (p) - jlX^ cos cp 
= (6351 + 262.4 x 14.52 x 0.6) -j 262.4 x 14.52 x 0.8 
= (6351 + 2286) -j 3048 = 8637 -y3048 
= 9159 Z -19.44°V 
£ = 9159 V, 5 =-19.44° 

f= ^ 

■' 120 

120 X/ ^ 120 X 50 ^ .. 

N, 1000 

pair of poles, p = y “ 2 ~ ^ 


Synchronising power, cos 5 | /? — 


^^^^^52^^^^ (cos 19.44°) X :^ = 593404 W {Ans) 


Synchronising torque, = 2j^ n) eO 


593404 

1000 


Maximum power, P 

r ’ rr, 


= 5666.6 Nm per mech degree (Ans.) 
3VE _ 3 x 6352 x 9159 _ , om 00 .n 


Maximum torque= -- 

^ 2nNJ60 


= 12018349W 
12018349 


= 114767 Nm (Ans.) 


We know that full-load torque = maximum torque x sin 5 
Ration of max. and full-load torque, i.e., 


maximum torque _ l _ 1 

full load torque sin 5 sin 19.44° 


= 3 (Ans.) 
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Example 8.17 

A 3-phase, 100 hp, 440 V, star-connected synchronous motor has a synchronous impedance per 
phase of (0.1 + j 1) El. The excitation and torque losses are 4 kW and may be assumed constant. 
Calculate the current, power factor and efficiency when operating at full load with an excitation 
equivalent to 500 line volt. (Assume 1 hp = 746 W) 

Solution: 

Here = 0.1 +7 1 = 1.005 Z 84.28° El, 9^ = 84.28°; 

Phase value and V = ^ = ^ = 254 V 

s s 

and E= ^ = ^ = 288.7 V 

V3 V3 

Output = 100 X 746 = 74600 W 
Power developed = output + excitation and torque losses 
= 74600 + 4000 = 78600 W 

We know, P = cos (9-5)- 

or 78600 = cos (84.28° - 5) - 

78600 + 24875 = 218895 cos (84.28° - 5) 

cos (84.28° - 5) = = 0.4727 = cos 61.79° 

21oo9j 

84.28° - (5 = 61.79°, 5= 84.28° - 61.79° = 22.49° 

E = £Z -(5= 288.7 Z-22.49° = 266.74-7110.4 
V = y z 0 ° = y ±70 = 254 ± 70 
- y - £ _ 254 + 70 - 266.74 + 7 IIO .4 
~ Zs ~ 1.005Z84.28° 

^ -12.74+ 7 110.4 ^ 111.13 + Z-83.41° 

1.005 Z84.28° 1.005 Z84.28° 

7 = 111.13 Z+12.3° A (Ans.) 

Power factor cos tj) = cos 12.3° = 0.977 leading (Ans) 

• output 100x 746 nnniiC ^ 

Efficiency, q = ^—-— = —- = 0.9016 pu (Ans) 

input V3 X 440 X 11.13 X 0.977 

Example 8.18 

A 10 MVA, 3-phase, star-connected, 11-kV, 12-pole, 50-Hz salient-pole synchronous motor has 
reactance ofX^ = 4 El, X = 2 El. At full-load, unity power factor and rated voltage determine. 

(i) the excitation voltage, 

(ii) active power. 
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(Hi) synchronising power per electrical degree and the corresponding torque, 
(iv) synchronising power mechanical degree and the corresponding torque. 


Solution: 


= 11 kV; Rating = 10 MVA = 10 x 10® VA; P = 12;/= 50 Hz 
A^ = 4Q;A^ = 2Q;A = i^^|^ = 500 rpm 

Phase voltage, V = ^ = = 6351 V 

V3 sl3 


MVA X 10“ 


10 X 10“ 


s/3V, 73x11x10^ 


= 524.86 A 


From the phasor diagram of a salient pole motor at unity p.f. 

y sin (5 = / X and 1=1 cos S', I, = I sin 5 

q q q ’ d 

y sin (5 = (/ cos S) X 


524.26 X 2 


= 0.1653 


5= tan-' 0.1653 = 9.38° 

/^ = / cos (5= 524.86 x cos 9.38° = 517.8 A 
/^ = / sin 5 = 524.86 x sin 9.38° = 85.54 A 


(i) Excitation voltage/phase, 


£ = y cos (5 + /^^ = 6351 X 0.9866 + 85.54 x 4 = 6266 + 342 = 6608 V 
Line value, E^= 73 £ = 73 X 6608 = 11445 V = 11.445 kV (Ans.) 

(ii) Active power per phase of the motor 

„ 3y£ . ^ , 3y" (^d-Xq) . 


3 X 6351 X 6608 » oo , 3 x (6351/ (4 - 2) 

. Sin y.JO ~r _ 


sin 2 X 9.38 


(5130 + 4930) kW = 10060 kW (Ans.) 


(Hi) Synchronising power per electrical degree 


syn ^ 


COS 6 + 3y^ 


S, - 




3 x 6608 x 6351 


cos 9.38 + 3 x (6351)^ 


' 4-2 ' 
_4 X 2_ 


cos 2 X 9.38 


(31054 + 28644) T^kW = 1042 kW (Ans) 
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Synchronising torque per electrical degree 

„ _ ^syn _ 1042 X 10^ X 60 

^y"~2KNJ6Q~ 2nx500 

(iv) Synchronising power per mechanical degree 
Electrical angle = 

1° Mech. = 

• • degree = 6 x 1042 = 6252 kW 

Corresponding synchronising torque 
r^ymech. degree = 6 x 19900 = 119400 Nm (Ans.) 


p 

— X Mechanical angle 
(y) X 1 = y X 1 = 6° elect. 


= 19900 Nm (Ans.) 


Example 8.19 

An 11 kV, 3-phase, star-connected synchronous motor is running in parallel with an infinite bus. 
Its direct-and quadrature-axis synchronous reactances are 10 D. and 5 Q, respectively. If the field 
current is reduced to zero, find the maximum load that can be put on the synchronous motor. Also 
calculate the armature current and the maximum power. Neglect armature resistance. 

Solution: 


Here, 


V, = 11 kV, V= -^ = 


Vl _ 11 X 10^ 




V3 V3 


= 6351 V 




j_ i_ 


sin 2d 


When the field current becomes zero, £ = 0 




j_L 


sin 2d 


For maximum reluctance power. 


sin 2(5= 1,2(5=90 or (5= 45° 


p = ^ 

max 9 


j_L 




(635 ir 11 1 


2 it “ it)j " ^ 


Total maximum power for all the three phases 

= 3 X 2017 X 10^ W = 6050 kW 


For maximum power, d = 45° and 


4 = 


V cos d 

X, 


= 6351X 


cos 45° 
10 


= 449 A 
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I = 

9 

Armature current at maximum power 

/ = 

Example 8.20 

A 125 MVA, 3-phase, star-connected 11 kV, 4-pole, 50 Hz synchronous motor has a reactance of 
0.15 pu and negligible armature resistance. Calculate the synchronising power per mechanical 
degree when it supplies full load at 11 kV and 0.8 power factor leading. 


y sin 5 ,,,, sin 45° 

= 6351X 




10 


= 898 A 


+ l] = 


^ + (898)^ = 1004 A 


Solution: 


Here, 


and 


or 


Rating = 125 MVA; y^= 11 kV; = 0.15; P = 4;/= 50 Hz 


/ = 

y = 


125 X 10^ 
V3x 11x10^ 

^ 11 X 10^ 

s s 


= 6561 A 

= 6351V 


X, in ohm 

V — _i _ 

spu VII 

X =X - = 0.15 X = 0.14518 

^ ipH / 5551 

E =V-lZs 

= V-{1 Z(j)){X^Z9Q°) = V-lX^Z90° + (j) 

= V- IX^ [cos (90 + ^) + y sin (90 + (j))] 

= (y + IX^ sin f) - jlX^ cos (j) 

= 6350 + 6561 X 0.14518 x 0.6 -y6561 x 0.14518 x 0.8 
= 6921.5 -j762 = 6963.4 Z 6.2828° 

£ = 6963.4 V, (5=6.2826° 


Synchronising power per mechanical degree 


syn 


dS 

WE 

X, 


Ps.n=\^P ^ ifo ^ ^ ^ 


cos d 


n 

180 


3 X 6350 X 6963.4 
0.14518 


cos 6.2826° X 


bn 

180 


= 95109087 W - 95.11 MW {Ans) 
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Section Practice Problems 


Numerical Problems 

1. A 50 kW, 400 V, 3-phase synchronous motor is operating atfuii ioad with an etticiency of 92%. if thefieid 
current is adjusted to make its power tactor 0.8 ieading, estimate the armature current. (Ans. 98A) 

2. The etfective resistance and synchronous reactance ot a 2000 V, 3-phase, star-connected synchronous 

motor are 0.2 Q and 2.2 Q. per phase, respectiveiy. The input is 800 kW at normai voitage and the induced 
iine emt is 2500 V. Caicuiate the iine current and power tactor. (Ans. 254.4A: 0.91 leading) 

3. A 660 V, 3-phase, star-connected synchronous motor draws 50 kW at power tactor 0.8 iagging. Find 

the new current and power factor when the back emt increases by 50%. The machine has synchronous 
reactance ot 3n and ettective resistance is negiigibie. (Ans. 49.2A, 0.89 ieading) 

4. A 3-phase, 400 V, star-connected synchronous motor draws 24 A at fuii-ioad unity power factor, if the 
machine is operating at 95% etticiency. What wiii be the induced emf and totai mechanicai power deveioped 
at tuii ioad and 0.9 p.f. ieading? The synchronous impedance per phase is (0.2 + j2) Cl. 

(Ans. 441 V;16.2 kW) 

5. A 6-poie, 2200 V, 50 Hz, 3-phase, star-connected synchronous motor has armature resistance ot 0.4 Q 

per phase and synchronous reactance ot 4 Q per phase. Whiie running on no-ioad, the excitation has 
been adjusted so as to make the emf numericaiiy equai to and antiphase with the terminai voitage. With 
a certain ioad torque appiied, if the rotor gets retarded by 3 mechanicai degrees, caicuiate the armature 
current and power factor of the motor. (Ans. 49.57 A; 0.999 leading) 

6 . A 3-phase, 415 V, 6-poie, 50 Hz star-connected synchronous motor has emf of 520 V (L-L). The stator 
winding has a synchronous reactance of 2 Q per phase, and the motor deveiops a torque of 220 Nm. The 
motor is operating at 415 V, 50 Hz bus-bar (a) Caicuiate the current drawn trom the suppiy and its power 
factor(b) draw the phasor diagram showing aii the reievant quantities. (Ans. 42.12 A; 0.76 leading) 

7. The eftective resistance and synchronous reactance ot a 3-phase, 11 kV star-connected synchronous 
motor are 1 ohm and 30 ohm per phase, respectiveiy. it it draws 50 A from the main, caicuiate the induced 
emf for a power factor of (a) 0.8 iagging (b) 0.8 ieading and (c) the power suppiied to the motor. 

(Ans. 5536 V: 7315 V; 762 V) 

8 . A 3-phase, star-connected synchronous motor is connected to 693 V iines and draws 48 kW at 0.8 pt 

iagging. it its induced emt is increased by 30% without changing the power input, what wiii be the new 
current and pt. Z^, equais (0 + /2) ohm/phase. (Ans. 46.366 A; 0.863 leading) 

9. A 3-phase, star-connected synchronous motor takes 20 kW at 400 V trom the mains. The synchronous 
reactance is 4 Q and the ettective resistance is negiigibie. It the exciting current is so adjusted that the 
back emf is 550 V, caicuiate the iine current and the power tactor ot the motor. 

(Ans. 33.1 A, 0.872 leading) 

10. A 3-phase, 11-kV, 50-Hz, 10-poie, 200-kW star-connected saiient-poie synchronous motor has = 1.2 
pu and Xj| = 0.8 pu. It operates at rated power at 0.98 power factor leading. Determine 

(a) the internal emt and the load angle. 

(b) the maximum power developed. 


(Ans. 18553 V, 34°; 298 kW) 
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Short Answe r Type Q^^stiqns 

Q.1. Why the synchronous motor is not self-starting? 

Or 

Why can’t a synchronous motor start by itself? 

Ans. When 3-phase supply is given to the stator of a 3-phase wound synchronous motor, a revolving field is 
set-up in the stator. Simultaneously, DC supply is given to the rotor which excites the poles. The stator 
revolving field tries to drag the rotor poles (or field) along with it but fails to do so due to rotor inertia. 
Thus, a synchronous motor is not self-starting or in other words, a synchronous motor can’t start by 
itself. 


Q.2. 

Ans. 


What is the speed regulation of a synchronous motor? 

Speed regulation of a synchronous motor is zero, because 

Speed regulation = No load speed-full load speed ^ 


No-load speed 


= zero 


Q.3. What is pull-out torque? 

Ans. Pu//-o«/torque: The maximum value to torque which a synchronous motor can develop at rated voltage 
and frequency without losing synchronism is called pull-out torque. 


Q.4. Why a synchronous motor runs only at synchronous speed? 

Ans. Synchronous motor can run only at synchronous speed because rotor poles are magnetically locked with the 
stator revolving field and the these rotor poles are dragged by the stator revolving field. 


8.11 Effect of Change in Excitation 

Consider a synchronous motor loaded with a constant mechanical load and normal (100%) excitation 
i.e., having induced em/equal to applied voltage V in magnitude. At the given load it takes a current 
of I ampere lagging behind the applied voltage V by an angle cf). As load on the machine is constant, 

VE 

P = VI cos (f) = sin 5 is constant 

Here, V and are constant, therefore, for constant power output E sin 5 and / cos ^ should remain 
constant, i.e., 

I cos cj) = Constant 
£ sin (5 = Constant 

Since I cos cj) is constant, while drawing phasor diagram draw a horizontal dotted line passing 
through the extreme point of vector 01. On the other hand, as E sin 5 is constant, draw a vertical line 
passing through the extreme point of vector OE as shown in Fig. 8.20(a) and {b). 

When the excitation is decreased, the induced emf decreases to £’ in magnitude so that E sin 5 
remains constant i.e., E decreases to E' angle delta increases to d as shown in Fig. 8.20(a). This 

increases the resultant voltage Er to E ^, which is also shifted in clockwise direction. With the 
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increase in resultant voltage, current increases to /' (/'= /Z^)- Since the phase angle 0between 

the resultant voltage and current is constant, therefore, current is also shifted in clockwise direction. 
This increases the phase angle between voltage and current to cj)' which in turn decreases the lagging 
power factor cos cj) to cos cj )' more lagging but the active component of current /' cos cj )' remains the 
same i.e., i cos cj! = I cos cj). 

Hence with the decrease in excitation, synchronous motor draws more current from the supply 
mains at lower (lagging) power factor. Thus, the Motor operates as an inductor. 



(a) Phaser diagram at constant load (b) Phaser diagram at constant ioad 

E decreases to E' E increases to E" and E'" 

Fig. 8.20 Phaser diagram at constant load 

When the excitation is increased, the induced em/'increases in magnitude to E" keeping E" sin 
d’ to be the same as that of E sin 5 for constant load. This decreases the resultant voltage which is 
also shifted in anti-clockwise direction. Since the phase angle 6 between the resultant voltage and 
current is constant, current is also shifted in anti-clockwise direction and decreases in magnitude till 
it comes in phase with the voltage vector as shown in Fig. 8.20(h). At this instant, the current drawn 
by the synchronous motor is minimum and the power factor is maximum i.e., one. 

Now, if the excitation is further increased, the induced ewr/increases to E'" in magnitude. This 
increases the resultant voltage to Ef which is also shifted further in anti-clockwise direction. 
Therefore, current is also shifted in anti-clockwise direction and its magnitude increases to This 
increases the phase angle between voltage and current to cj)"' in opposite direction as shown in Fig. 
8.19(h), which makes the power factor leading. 

Thus, when synchronous motor is over excited, it draws more current at a leading power 
factor /rom the supply mains. A synchronous motor operating under this condition is also called 

synchronous condenser. 

It may be noted that when excitation voltage E is changed, the torque angle 5 changes such that 
£ sin (5 = E' sin 8 = E" sin 8' = E"' sin 8" 

Similarly, the active component of armature current also remains the same, i.e.. 
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I cos ^ = /' cos (ji = /" cos (j!’ = /"' cos (ji" 

It is also observed that when the value of E increases, the magnitude of armature current first 
decreases and then increases. The armature current is minimum at unity p/and more at lagging or 
leading power factors. 


Minimum Excitation 


From Fig. 8.20, it is very clear that as excitation decreases, the torque angle increases. The minimum 
permissible excitation, corresponds to the stability limit, i.e., 5 = 90°. 


Therefore, 


E 


mm 


P^S 

V 


(where P is the power input) 


8.12 V-Curvesand Inverted V-Curves 

While changing the excitation of a 3-phase synchronous motor, keeping the load constant, the curve 
plotted between field current I^and armature or load current I is called V-curve, 

It is named as V-curve because its shape resembles with the shape of English alphabet ‘V’. 
When the excitation of a three-phase synchronous motor taking constant power is varied, it changes 
the operating power factor of the motor. If 

P = 3 VI cos (j) 


where, P = Power input. 

V = Terminal voltage (phase value). 

I = Armature current (phase value) and 
cos (j) = Power factor. 

then for constant power input P and terminal voltage 
V, only increase in power factor causes decrease in 
armature current I and vice versa. Armature current 
will be minimum at unity power factor and increases 
when the power factor decreases on either side 
(lagging or leading). 

Hence variation in excitation (field current) causes 
the variation in armature current I. If we plot a curve 
taking field current on X-axis and the armature 
current I on Y-axis, the curve so obtained is called 
V-curve because of its shape. The V-curve at 
different power inputs are shown in Fig. 8.21. 



Significance of V-Curves 

V-curves are useful in adjusting the field current. By increasing the field current /^beyond the level 
of minimum armature current /, we can obtain leading pf On the other hand by decreasing the field 
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current /^below the level of minimum armature current /, we can obtain lagging pf. Therefore by 
controlling the field current of a synchronous motor, the reactive power supplied to or consumed 
from the power system can be controlled. 

Thus, by changing the field current (or excitation), a synchronous motor can be used as a condenser 
or inductor. 

Inverted V-Curves 

If we plot a family of curves between power factor and field current the curves so obtained are 

called invested V-curves, as shown in Fig. 8.22, because of their shape. 



Fig. 8.22 Inverted V-curves 


These curves reveal that: 

(i) The highest point on each of these curves indicate unity p.f.. 

iii) The field current for unity p/at full-load is more than the field current for unity pf at no-load. 
(Hi) If the synchronous motor at full-load is operating at unity p.f., then the removal of shaft load 
causes the motor to operate at a leading power factor. 


8.13 Effect of Change in Load on a Synchronous Motor 

A synchronous motor runs at absolutely constant speed called synchronous speed, regardless of the 
load. Let us examine how change in load affects its performance. 

Consider a synchronous motor operating initially at a leading power factor cos fy The phasor 
diagram for leading power factor is shown in Fig. 8.23. 

Let the load on the shaft be increased. The rotor slows down momentarily since it takes some 
time to settle down as per the increased power drawn from the lines. In other words, although still 
rotating at synchronous speed, the rotor slips back in space as a result of increased loading as shown 
in Fig. 8.23. In this process the torque angle 5 becomes larger and therefore the induced torque 

( Tm = increases. The increased torque increases the rotor speed and the motor again 

V J 

picks up the synchronous speed but with a larger torque angle 5. Thus, with the increase in load, the 
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torque angle S increases. But the magnitude of excitation voltage E remains constant which depends 
upon field current I^and speed and both of them are constant. 





E 


Fig. 8.23 Phaser diagram for leading power factor 


VE sin 6 


= VI cos 


X X 

£ sin (5 = P = KP where K = = a constant. 


These expressions show that the increase in P increases E sin 5 and I cos <5. The locus of E is 
shown in Fig. 8.24. It is seen from Fig. 8.24 that with the increase of the load, the quantity jlX^ goes 
on increasing so that the relation V = E + jlX^ is satisfied and therefore the armature current I also 
increases. It is also seen from Fig. 8.24 that the power factor angle cj) also changes. It becomes less 
and less leading and then becomes more and more lagging. 



Fig. 8.24 Effect of increase in load on the operation of a synchronous motor 
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Thus, when the load on a synchronous motor is increased, 

(i) the motor speed does not change, it continues to run at synchronous speed. 

(ii) the torque angle 5 increases. 

{Hi) the excitation voltage E remains constant since constant 

(iv) the armature current I drawn from the supply increases. 

(v) the phase angle cj) first decreases in the leading region and then increases in the lagging region. 

There is a limit to the mechanical load that can be applied to a synchronous motor depending 
upon its rating. As the load is increased, the torque angle 5 increases till a stage is reached when the 
rotor is pulled out of synchronism and the motor is stopped. The maximum value of torque which a 
synchronous motor can develop at rated voltage and frequency without losing synchronism is called 
the pull-out torque. Its value may vary from 1.5 to 3.5 times the full-load torque. 


8.14 Methods of Starting of Synchronous Motors 

Since a synchronous motor is inherently not self-starting, the following methods are generally adopted 
to start the synchronous motor: 

1. By means of Auxiliary Motor: A small induction motor called the pony motor (auxiliary motor) 
is mounted on the same shaft or coupled to synchronous motor as shown in Fig. 8.25. The auxiliary 
motor should have the same number of poles as that of synchronous motor or preferably one pole 
pair less so that it can rotate the motor nearly at synchronous speed. First of all supply is given to the 
pony motor. When it rotates the rotor of the synchronous motor near to the synchronous speed 
the main switch and DC switch of the main synchronous motor are closed. 


3-phase supply 



Fig. 8.25 Starting of synchronous motor by means of auxiliary motor 


The rotor poles are pulled into synchronism with the rotating field (poles) of the armature (stator) 
of the main motor. Then supply to the auxiliary motor is disconnected and it acts as a load on the 
main motor. 
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2. By providing damper winding: This is a most common method of starting a synchronous motor. 
In this method, the motor is first started as a squirrel cage induction motor by providing a special 
winding on the rotor poles, known as damper or squirrel cage winding. This damper winding consists 
of number of copper bars embedded into the slots or holes provided on the outer periphery of the 
pole shoes, where salient poles are employed, and then short circuiting these bars by brazing them to 
end rings as shown in Fig. 8.26. In a non-salient pole machine, the damper winding conductors are 
placed in the rotor slots above the main field winding and short circuited by the end rings. 



Fig. 8.26 Starting of synchronous motor by providing damper winding 

When the synchronous motor (armature) is connected to 3-phase supply mains, a revolving 
field is set up which causes the rotor to rotate as a squirrel cage induction motor. As soon as motor 
attains about 65% synchronous speed, the rotor winding is connected to DC mains (exciter) and 
the rotor field is magnetically locked with the stator rotating field and the motor starts running 
runs as a synchronous motor. 

8.15 Synchronous Condenser 

The power factor of a synchronous motor can be controlled over a wide range by adjusting its 
excitation. At no-load, when the motor is over-excited it may draw the current from mains which 
leads the voltage by large angle nearly 90°. Hence, the motor acts like a static capacitor and is known 
as a synchronous condenser. 

Thus, an over excited synchronous motor operating at no-load is called a synchronous condenser 
or synchronous capacitor. 

When an over excited motor is operated on the same electrical system to which some industrial 
load (induction motors, induction furnaces, arc furnaces, etc.) is operating at lagging power factor, the 
leading reactive power supplied by the synchronous motor compensates for the lagging reactive power 
of industrial load and improves the overall power factor of the system. In large industrial plants, which 
have a low lagging power factor load, it is often found economical to install an over excited synchronous 
motor (synchronous condenser), even though the motor is not required to drive a load. 
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Consider an industrial load operating at a power factor cos (j)y When an over excited motor 
drawing power is connected in parallel with the existing load as shown in Fig. 8.27(a), some of 
the lagging reactive power of the industrial load in compensated by the leading reactive power of the 
motor (i.e., which improves the over-all power factor to cos shown in Fig. 8.27(f>). 




(b) Phaser diagram 


Fig. 8.27 Synchronous motor as synchronous condenser 


Example 8.21 

The excitation of a 3-phase synchronous motor connected in parallel with a load of 500 kW 
operating at 0-8 pf. lagging is adjusted to improve the overall pf. of the system to 0.9 lagging. If 
the mechanical load on the motor including losses is 125 kW, calculate the kVA input to the 
synchronous motor and its p.f 

Solution: 

Industrial load, P^ = 500 kW 
Load p.f, cos (j)^ = lagging; tan = tan cos“^ 0-8 = 0-75 
Reactive power of the industrial load, 

P^^ = P^tan (j>^ = 500 x 0-75 = 375 kVAR 
Motor load, P = 125 kW 

Total active power, P = P^-\- P^ = 500 H- 125 = 625 kW 
Power factor of total load, cos f = 0-9 lag 
tan (j) = tan cos^^ 0-9 = 04843 

Total reactive power, P^ = P tan (j) = 625 x 04843 = 302-7 kVAR 
Reactive power supplied by synchronous motor, 

P =p -p = 302-7 - 375 = - 72-3 kVAR 

rm r rL 

Input of the motor in kVA, P^^ = sjp^ + P^ 

Pa.= V(l25f+(72-3f 


= 144-4 kVA (Ans.) 
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Power factor of the motor, cos (p^ = = —-—- = 0’8656 leading (Ans.) 

^am ■ T" 

Example 8.22 

The electric loads connected to the supply are: 

(i) A lighting load of500 kW; 

(ii) A load of400 kW atpf. 0-707 lagging; 

(Hi) A load of 800 kW at pf. 0-8 leading; 

(iv) A load of500 kW at p.f 0-6 lagging; 

(v) A synchronous motor driving a 540 kWDC generator and having an overall efficiency of 90%. 
Determine the p.f. of the synchronous motor to improve the overall p.f. to unity. 


Solution: 

The load chart is given below: 


S.No. 

Load in kW 

p.f. cos (p 

tan (p 

Reactive power 
P^ = P tan (p 

1. 

500 

1 

zero 

zero 

2. 

400 

0-707 lag. 

1 

400 kVAR 

3. 

800 

0-8 lead. 

0-75 - ve 

- 600 kVAR 

4. 

500 

0-6 lag. 

1-333 

666-6 kVAR 


Industrial load, 

Reactive power of the industrial load, 

PrL 

Input power to the motor, 

Total active power, P 
pf cos (j) 

Reactive power of total load, P^ 
Reactive power supplied by motor, P^^ 

tan d) 

' m 

Power factor of the motor, cos (p^ 


500 + 400 + 800 + 500 = 2200 kW 

0 + 400 - 600 + 666-6 = 466-6 kVAR 
rj 0-9 

= 2200 + 600 = 2800 kW 
1; tan cp = tan cos“' 1=0 
0 

P^ - P^^ = 0 - 466-6 = - 466-6 kVAR 

Pj-m __ 466 - 6 __Q 7777 

P„ ■ 600 ■ 

cos tan ' = 0-777 = 0'7893 leading (Ans.) 


Example 8.23 

A 3-phase synchronous motor takes a load of 50 kW is connected in parallel with a factory load 
of 250 kW operating at a lagging power factor of 0.8. If the p.f. of overall load is required to be 
improved to 0.9 lagging, what is the value of the leading kVAR supplied by the motor and at what 
power factor is it working? 


Solution: 


Factory load, P^ = 250 kW 
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Power factor, cos (j)^ = 0.8 lagging; tan cj)^ = tan cos^' 0.8 = 0.75 
Load in kVAR, = 250 tan ^ = 250 x 0.75 = 187.5 kVAR 
Synchronous motor load, = 50 kW 

Total load, P = P, + P = 250 + 50 = 300 kW 
Overall power factor, cos cj) = 0.9 (lagging) 

Phase angle, (j) = cos^' 0.9 = 25.84° 

Total kVAR, P^ = P tan (/) = P tan 25.84° 

= 300 X 0.4843 = 145.3 (lagging) 

Leading kVAR supplied by the motor, 

Prm = PrL-^r = 187-5 - 145.3 = 42.2 kVAR (Ans.) 

kVA supplied by the motor, P^^ = ^Jp„ + P^^ = ^50^ + (42.2)^ = 65.43 kVA 

P 50 

Power factor of the motor, cos - 0-764 (leading) {Ans) 

^am 



Fig. 8.28 Phaser diagram 


8.16 Characteristics of Synchronous Motor 

A synchronous motor has the following important characteristics; 

1. It is inherently not a self-starting motor. 

2. For a given frequency, it operates only at one speed called synchronous speed given by the 
expression = 120// P. 

3. It can be operated under a wide range of power factors both lagging and leading. 

4. In addition to the motor being used for mechanical load, it is also used as a power factor 
improvement equipment and is known as synchronous condenser. 

5. At no-load it draws a very small current from the mains to meet the internal losses of the motor. 
With the increase in load, the torque angle 5 increases due to which motor draws more current 
from the mains. After the input current reaches maximum (torque angle 5 in nearly 90°) no 
further increase in load is possible. If the motor is further loaded it goes out of synchronism 
and stops. 
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8.17 Hunting 

When a synchronous motor is loaded, the rotor poles slightly fall back in position with respect to the 
stator field (poles) by an angle 5 known as power angle or torque angle or retarding angle. As the 
load is gradually increased, this angle 5 also increases gradually so as to produce more torque for 
coping with the increased load and the motor remains in equilibrium. If the load is suddenly thrown 
off, angle 5 decreases suddenly and the rotor poles are pulled into almost exact opposition to the 
stator poles, but due to inertia of rotor and rotor poles travel too far. They are then pulled back again, 
and so on, thus oscillations are set up around the equilibrium position, corresponding to new load. If 
these oscillations are too large they may throw the motor out of synchronism and stops. 

The oscillation of the rotor about its equilibrium position is known as hunting. 

The hunting (oscillations) can be prevented by providing damper winding or squirrel cage winding 
on the rotor pole faces. This damper winding consists of number of copper bars embedded into the 
slots provided on the outer periphery of the pole shoes and then short circuited by end rings. When 
hunting takes place, there is relative motion of the rotor with respect to the stator field, which sets up 
eddy currents in this winding which flow in such a way that it suppresses the oscillations. 

The hunting may also occur when the machine is operating as an alternator. In this case also 
because of sudden change in electrical output or mechanical input oscillations are set up in the rotor called 
hunting; which can be prevented by providing damper winding on the rotor. 

From the above discussions, the following factors are evolved: 

Causes of Hunting 

1. Sudden change in the load. 

2. Sudden change in the field current. 

3. Cyclic variation of the load torque. 

4. Faults occurring in the system. 

Effects of Hunting 

1. The machine (generator or motor) may go out of synchronism. This is the most important 
phenomenon to be avoided. 

2. Large mechanical stresses may develop in the rotor shaft. 

3. It increases the possibility of resonance. It happens when the frequency of torque component 
becomes equal to that of the transient oscillations of the synchronous machine. 

4. It increases the machine losses which may overheat the machine. 

5. It may cause variations in supply voltage (generator action) producing lamp flickering. 

Reduction of Hunting 

1. By using damper winding: The eddy currents developed in the damper winding, damped down 
the oscillations. 

2. By using flywheels: The prime-mover is provided with a large and heavy flywheel which 
increases the inertia of the prime-mover and helps in maintaining the motor speed constant. 
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8.18 Applications of Synchronous Motors 

The following are the important applications of synchronous motors: 

1. These are used to improve the power factor of large industries. 

2. These are used at the substations to improve the power factor. 

3. These are used to control the voltage at the end of transmission lines by varying their excitation. 
When operated in this manner, it is called a synchronous phase modifier or reactor. 

4. These are used to textile mills, cement factories, mining industries and rubber mills for power 
applications. 

These motors are mostly used to drive equipment which are operated at constant speed continuously 
such as centrifugal pumps, centrifugal fans, air compressors, motor-generator sets, blowers, etc. 


8.19 Comparison between Three-phase Synchronous and Induction 
Motors 


Se. No. 

Particulars 

Synchronous motor 

Induction motor 

1. 

Magnetic excitation 

A synchronous motor is a doubly 
excited machine. Its armature 
winding is energised from an AC 
source, whereas, its field winding is 
excited from a DC source 

An induction motor is a singly- 
excited machine. Its stator winding 
is energised from an AC source and 
rotor is excited due to induction. 

2. 

Speed 

It always runs at synchronous speed 
and its speed is independent of load. 

Its speed falls with the increase 
in load and is always less than the 
synchronous speed. 

3. 

Starting 

It is not self-starting. It has to be run 
upto synchronous speed by some 
means before it can be synchronised 
to AC supply. 

An induction motor has got self¬ 
starting torpue. 

4. 

Power factor 

A synchronous motor can be 
operated under wide range of power 
factors, both tagging and leading by 
changing its excitation. 

An induction motor operates at only 
lagging power factor, which becomes 
very poor at light loads. 

5. 

Major application 

It is usually used for power factor 
correction in addition to supplying 
torque to drive mechanical loads. 

An induction motor is used for 
driving mechanical loads only. 

6. 

Efficiency 

It is more eff/c/enf than induction 
motor of the same output and 
voltage rating. 

Its efficiency is tesserthan that of 
a synchronous motor of the same 
output and voltage rating. 

7. 

Cost 

A synchronous motor is costlier 
than an induction motor of the same 
output and voltage rating. 

The cost of an induction motor is 
less than a synchronous motor of the 
same output and voltage rating. 
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8.20 Merits and Demerits of Synchronous Motor 

Merits 

(0 The ease with which the power factor can be controlled. An over-excited synchronous motor 
having a leading power factor can be operated in parallel with induction motors and other power 
apparatus operating at lagging power factors, thereby improving the power factor of the supply 
system. 

(ii) The speed is constant and independent of load. This characteristic is mainly of use when the 
motor is required to drive another alternator to generate a supply at a different frequency as in 
frequency changers. 

(Hi) Electro-magnetic power varies linearly with the voltage. 

(iv) These motors can be constructed with wider air gaps than induction motors, which make them 
better mechanically. 

(v) These motors usually operate at higher efficiencies, especially in the low speed unity pf ranges. 

Demerits 

(0 The cost per kW output is generally higher than that of an induction motor. 

(ii) It requires DC excitation which must be supplied from external source. 

(Hi) The synchronous motor is inherently not self-starting motor and needs some arrangement for 
its starting and synchronising. 

(iv) It cannot be used for variable speed jobs as there is no possibility of speed adjustment. 

(v) It cannot be started under load. Its starting torque is zero. 

(vi) It has a tendency to hunt. 

(vH) It may fall out of synchronism and stop when over-loaded. 

(viii) Collector rings and brushes are required. 

(ix) For some purposes synchronous motors are not desirable as for driving shafts in small work¬ 
shops having no other power available for starting and in cases where frequent starting or strong 
starting torque is required. 


Section Practice Problems 


Numerical Problems 

1. A 500 V, 50 Hz, 3-phase load draws 20 A at 0.8 power factor lagging. A synchronous motor is used to 
raise the power factor to unity. Calculate the kVA input to the motor, and its power factor when driving a 
mechanical load of 7.5 kW. The motor has an efficiency of 85%. (Ans. 13.63 kVA; 0.6472 (leading)) 

2. An alternator supplying a load of 500 kW at 0.7 power factor lagging. If its power factor is required to be 
raised to unity by means of an over-excited synchronous motor. At a constant armature current how much 
input power is required for the synchronous motor? Find the power factor of the synchronous motor. 

(Ans. 510 kVAR; Zero leading) 
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3. A substation is operating at its tull ioad of 1000 kVAsuppiiesaioad of power factor 0..71 iagging. Caicuiate 
the permissibie additionai ioad at this power factor and the rating of synchronous condenser to raise the 
power factor to 0.87 iagging. (Ans. 225.35 kVA; 370 kVAR) 

Short Answ er Type Questions 

Q.1. What will happen, if the excitation of a synchronous motor connected to an infinite bus-har is varied, 
load remaining constant? 

Or 

What happens if the excitation of a synchronous motor is varied at constant load. 

Ans. Effect of change in excitation keeping ioad constant on a synchronous motor 
The change in excitation changes the power factor of the machine. 

(/) if excitation is decreased, the power factor becomes iagging and is further reduced. The machine 
behaves as an inductor and the machine is known as synchronous inductor. 

(/'/) if excitation is increased, the iagging power factor of the machine is improved and becomes unity. If it 
is further increased, the machine starts operating at ieading power factor. The machine behaves as a 
capacitor and it is known as synchronous condenser. 

Q.2. How a synchronous motor can be used as a synchronous condenser? 

Ans. An over-excited synchronous motor draws power at ieading power factor, under this condition it can 
be used as a synchronous condenser. 

Q.3. Why dampers are used in a synchronous motor? 

Ans. In synchronous motors, dampers are used to suppress the oscillations of the rotor around its find 
position. 

Q.4. How is a synchronous motor started. 

Or 

How a synchronous motor is made self-starting? 

Ans. A synchronous motor is not self-starting. It can be started by using either of the following methods: 

1. By using an auxiliary motor: This motor is coupled to the shaft of main motor and rotates it almost at 
synchronous speed. Then DC excitation is given to rotor poles of the main motor which are magnetically 
locked with the stator revolving field and motor starts rotating at synchronous speed. 

2. By using damper winding: Due to damper winding the synchronous motor stars rotating as a squirrel 
cage induction motor. Once, it picks-up speed nearto synchronous speed, DC excitation is given to the 
rotor poles. Thus, the rotor poles are magnetically locked with the stator revolving field and the motor 
starts rotating at synchronous speed. 

Q.5. Define the term over-excitation and under-excitation with reference to synchronous machines. 
Ans. Over-excitation. Jhe excitation (field current) at which a synchronous motor operates at leading power 
factor is called over-excitation. 

Under-excitationilhe excitation (field current) at which a synchronous motor operates at lagging power 
factor is called under-excitation. 
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Q.6. What could be reasons if a synchronous motor fails to start? 

Ans. A synchronous motor may fail to start because of the following reasons: 

1. Faulty connections 

2. Supply voltage too low 

3. One phase open circuited or short circuited 

4. Wrong connections 

5. High friction at the bearings 

6 . Field winding is not excited properly 

7. Over-loaded at the start 

8 . Some fault in the armature or field winding 

9. Poor contact of brushes at the sliprings. 

Q.7. Mention the characteristic features of synchronous motor. 

Ans. The main characteristic features of a synchronous motor are: 

1. Synchronous motor operates only at synchronous speed. 

2. It is not a self-starting motor. 

3. It can be operated in a wide range of power factor both lagging and leading. 

4. At no-load it draws very small current to meet with the mechanical losses. 

5. It can be used to regulate the voltage of transmission lines. 

Q.8. What happens when the field current of a synchronous motor is increased beyond the normal value 
at constant input? 

Ans. When field current of a synchronous motor is increased beyond normal it starts working at leading 
power factor and is called as a synchronous condenser. 

Q.9. Why synchronous motor is designated as P.F. improving device? 

Ans. An over excited synchronous motor operates at leading power factor, under this condition it can improve 
the power factor of the system. Hence, designated as power factor improving device. 

Q.10. Show the inverted V-curve for synchronous machine. 

Ans. Inverted V-Curves 

If we plot a family of curves between po wer factor and field current (If), the curves so obtained are called 
invested V-curves, as shown in Fig. Q.19, because of their shape. 



Fig. Q.19 Inverted V-curves 
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Q.11. Enumerate methods employed for cooling of 3-phase synchronous motors. 

Ans. Small machines are cooled with the help of blast of air by providing a fan on the shaft. For large size 
machines closed circuit hydrogen cooling is provided. 


Review Questions 

1. Explain the construction and principle of operation of a synchronous motor. 

2. Explain why the speed of a 3-phase synchronous motor remains constant at variable loads when it is fed 
from a constant frequency supply. 

3. Give the principle of operation of a synchronous machine. How speed is related to frequency. 

4. Explain with neat sketches the principle of operation of a 3-phase synchronous motor. Also explain why 
it never runs at a speed other than synchronous speed. 

5. Describe with the help of neat sketches, the principle of operation of a 3-phase synchronous motor. 

6. Explain why a synchronous motor runs at synchronous speed or not at all. How can the speed of such 
motor be varied? 

7. What is the effect on the speed of a synchronous motor if load on it is increased ? 

8. Explain the action of synchronous motor when loaded. 

9. Explain clearly the effect of excitation on the performance of a synchronous motor. 

10. Describe briefly the effect of varying excitation upon the armature current and powerfactor of a 3-phase 
synchronous motor when input power to the motor is kept constant. 

11. With the help of proper phasor diagrams, explain the operation of a 3-phase synchronous machine with 
normal excitation under following conditions. 

(/') The machine is floating on the supply bus. 

(//■) The machine is working as a synchronous motor at no-load and also with load. 

12. Explain effects of varying excitation on armature current and power factor in a synchronous motor. Also 
draw ‘V’ curves. 

13. Show with the help of phasor diagram, how change in excitation of a synchronous motor causes it to 
work (/) as an inductor (//) as a condenser. 

14. Draw and explain the ‘V’-curves of a synchronous motor. 

15. Draw a phasor diagram of a synchronous motor. Explain the effect of (i) change in excitation if load is 
constant (ii) change in load if excitation is constant. 

16. Draw the families of curves of synchronous motor at no-load and full-load showing the relation between 
(i) armature current and field current (ii) power factor and field current. Using these curves explain how 
the motor may be over loaded with no-load connected to its shaft 

17. Explain with the help of a simplified phasor diagram how the powerfactorat which a 3-phase synchronous 
motor operates may be varied when the motor is developing a constant torque. 

18. Explain V and inverted V curves. 

19. Draw and explain equivalent circuit of a synchronous motor. 
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20. Draw and explain the phasor diagrams of a 3-phase synchronous motor when (i) it is overexcited (ii) it is 
under excited 

21. Draw the phasor diagrams of synchronous motor for lagging, leading and unity power factor conditions. 
Name all the phasors. 

22. Derive the commonly used expression for the power developed by a synchronous motor. 

23. What is meant by constant power circle for synchronous motor? How is it derived? 

24. Show that the locus of stator current for a constant output of synchronous motor connected to a 
constant voltage, constant frequency bus-bars is a circle. 

25. How does a synchronous machine act as a capacitor? Explain it with phasor diagrams. 

26. What do you understand by a synchronous condenser? Explain with the help of phasor diagrams its 
operation and application. 

27. What is a synchronous condenser? Show the region of operation of the condenser on V-curves. Where 
are synchronous condensers used? 

28. Briefly describe the phenomenon of ‘hunting’ in a synchronous machine. How is it remedied? 

29. With the help of a neat sketch discuss any one method of starting a synchronous motor. 

30. Name different methods of starting a synchronous motor, explain any one in detail. 

31. Explain the functions of a damper winding in a synchronous motor. 

32. Explain two important functions served by damper winding in a synchronous motor. State applications 
of synchronous motor. 

33. A synchronous motor will operate at a constant speed on every load, why? Explain in detail. Make a list 
of applications of a synchronous motor. 


Multiple Choice Questions 

1. Synchronous motors are not self-starting because 
(a) starters cannot be used on these machines. 

{b) starting winding is not providing on these machines 
(c) the direction of rotation is not reversed. 

{d) the direction in instantaneous torque reverse after half cycle. 


2. A pony motor is basically a: 

(a) DC series motor 

(c) double winding AC/DC motor 

3. A Synchronous Motor can be started by 
(a) providing damper winding 

(c) DC compound motor 


[b) DC shunt motor 
((/) small induction motor. 

(b) pony motor 
(d) any of above 


4. As compared to an Induction Motor of same size the air gap in a synchronous motor is 
(a) less than half (b) half to three fourth 

(c) same (o') three to five times. 
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5. A syn. motor is switched on to suppiy with its fieid winding shorted on themseives. it wiii 
(a) not start 

{b) start and continue to run as an induction motor 
(c) start as induction motor and then run as Syn. motor 
{d) none of these. 

6 . When l/is the appiied voitage, the breakdown torque of a syn. motor varies as 

(a) 1/ (d) -Jv 

(C) 1/2 (Qf) 1/1/ 

7. if one phase of a 3-phase synchronous motor is short circuited, the motor wiii: 

(a) not start (d) run at haif of synchronous speed 

(c) run with excessive vibrations {d) Deveiops no torque. 

8. A synchronous motor can deveiop synchronous torque 


(a) oniy at Syn. speed. 

(c) when under ioaded 

9. A three phase Syn. motor wiii have: 
(a) no siip rings 
(c) three siip rings 

10. Cage winding in a Syn. motor carries 
(a) high starting and running current 
(c) no running current 


(d) whiie over excited 

(d) Beiow or above Synchronous speed. 

(d) two siip rings 
(d) four siip rings. 

(d) no starting current 

(d) no starting as weii as running current 


11. Syn. Watt is 

(a) a unit to express the rating of syn. motors. 

(d) kW as appiicabie to a Syn. motor 

(c) the torque which under Syn. speed wouid deveiop a power of one watt 

(d) none of these 

12. Siip rings in a synchronous motor carry: 

(a) DC (d) AC 

(c) both a and d (d) no current. 

13. The efficiency of a properiy designed Syn. motor wiii usuaiiy faii in the range: 

(a) 99% to 99-5% (d) 85% to 95% 

(c) 75% to 80% (d) 60% to 70% 

14. A Syn. motor working on ieading p.f. at no-ioad is known as 

(a) condenser (d) Syn. condenser 

(c) inverter (d) convertor. 

15. The maximum vaiue of torque that a syn. motor can deveiop without iosing its synchronism is caiied: 

(a) siip torque (d) puiiout torque 

(c) breaking torque (d) syn. torque. 

16. The armature current in a syn. motor wiii be ieast when p.f. is 

(a) zero (d) unity 

(c) ieading (d) iagging 
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17. When the field of a syn. motor is under excited, the p.f. will be 

(a) zero 

(b) unity 

(c) lagging 

(b) leading. 

18. Operating speed of a Syn. motor can be changed to new fixed value by 

(a) changing the load 

(b) changing the supply voltage 

(c) changing frequency 

(b) using brakes. 

19. Back emf set up in the stator of Syn motor depends on 

(a) rotor speed 

(b) load 

(c) rotor excitation 

(b) coupling angle. 

20. The % age slip in case of syn. motor is 

(a) 1% 

(b) 100% 

(c) 0-5% 

(b) zero. 

21. The speed regulation of a syn. motor is always: 

(a) 1% 

(b) 0-5% 

(c) positive 

(b) zero. 

22. A synchronous motor can be made self-starting 

by providing 

(a) damper winding on rotor pole 

(b) damper winding on stator 

(c) damper winding on stator as well as rotor 

(c) none of above. 

23. Synchronous speed for a syn. motor is given by 

(a) 200 f/p 

(b) 120 f/p 

(c) 120 p/f 

(b) 120 f.p. 


24. Oscillations in a Syn. motor can be damped out by: 

(a) maintaining constant excitation 

(b) running the motor on leading power factor 

(c) providing damping bars on the rotor pole faces 
(rf) oscillations cannot be damped. 

25. A Syn. motor has its field winding shorted and stator is supplied variable voltage. This is likely to result 
in: 

(a) burning or rotor {b) motor running as Induction motor 

(c) crawling of rotor {d) magnetic locking of rotor. 

26. Torque angle for a Syn. Motor is 

(a) the angle through which the motor lags behind the Syn. speed. 

{b) the angle of lag from no-load to full load conditions. 

(c) the angle between the rotating stator flux and the field produced by rotor poles. 

(rf) none of these. 

27. A Syn. motor can be used a Syn. Capacitor when it is 

(a) underloaded (b) overloaded 

(c) under excited {d) overexcited 

28. Power developed by a syn. motor will be maximum when the load angle is 

(a) zero (b) 45° 
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29. A 3-phase induction motor draws 1000 kVA at a pf of 0.8 iag. A synchronous condenser is connected in 
paraiiei to draw an additionai 750 kVA at a power factor of 0.6 iead. The pf of the totai ioad suppiied by 
the mains is 

(a) unity. (b) zero. 

(c) 0.6 iag. [d] 0.707 iead. 


30. Squirrei cage winding is provided on a synchronous motor to make it 
(a) noise free {b) seif-starting 

(c) cheap. {d) quick start 


31. A pony motor is basicaiiy a 
(a) smaii induction motor, 
(c) DC shunt motor. 


(b) DC series motor, 

(c) doubie winding AC/DC motor. 


32. Whiie starting a synchronous motor its fieid winding shouid be 

(a) connected to a DC source. (b) short-circuited. 

(c) kept open. {d) none of the above. 


Keys to Multiple Choice Questions 


l.d 

2.d 

3.d 

4.d 

5.b 

6.a 

7. a 

8.a 

9.b 

10. c 

11. c 

12.a 

13.b 

14.b 

15.b 

16.b 

17. c 

18. c 

19.C 

20.d 

21.d 

22. a 

23. b 

24. c 

25. b 

26. c 

27. d 

28. c 

29. a 

30. b 


31.a 32.b 
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Three-Phase 
Induction Motors 



Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

,/ What are the various parts ot 3-phase induction motor? 

V What is basically a squirrel cage and phase wound induction motor? 

✓ How a rotating field is developed in the stator core ot a 3-phase induction motor? 

^ What is the basic principle ot operation ot this motor and why it is named as induction motor? 
^ Why it is also called as asynchronous motor? 

^ How the direction ot rotation ot a 3-phase induction motor is reversed? 

^ What are the parameters ot the rotor ot an induction motor? 

^ How to draw an equivalent circuit ot rotor circuit? 

^ What are stator parameters and how to draw exact equivalent circuit ot a 3-phase induction 
motor? 

^ Howto draw its phasor diagram? 

^ What are the similarities and dissimilarities ot a 3-phase induction motor and a transformer? 

,/ How power flows in an induction motor? 

V What are the factors on which torque produced depends in an induction motor? 

V Under what condition, torque developed in an induction motor is maximum. 

^ How the performance ot an induction motor is affected by the addition ot resistance in its rotor 
circuit? 

^ Howto perform various tests on an induction motor to determine its parameters and performance? 
^ How to determine performance ot a 3-phase induction motor using circle diagram? 

✓ What are various harmonics which affect the performance ot an induction motor? 

✓ What are cogging and crawling phenomena and how these can be eliminated (or minimised) in 
case ot induction motors? 

^ What are deep-bar and double-cage induction motors? 


Introduction 


Induction machines are also called asynchronous machines i.e., the machines which never run at a 
synchronous speed. Whenever we say induction machine we mean to say induction motor. Induction 
motors may be single-phase or three-phase. The single phase induction motors are usually built in 
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small sizes (upto 3 H.P). Three phase induction motors are the most commonly used AC motors in 
the industry because they have simple and rugged construction, low cost, high efficiency, reasonably 
good power factor, self-starting and low maintenance cost. Almost more than 90% of the mechanical 
power used in industry is provided by three phase induction motors. 

In this chapter, we shall deal with all the important aspects of a three phase induction motor. 


9.1 Constructional Features of a Three-phase Induction Motor 

A 3-phase induction motor consists of two main parts, namely stator and rotor. 

1. Stator: It is the stationary part of the motor. It has three main parts, namely. (/) Outer frame, 
{ii) Stator core and iiii) Stator winding. 

(i) Outer frame: It is the outer body of the motor. Its function is to support the stator core and 
to protect the inner parts of the machine. For small machines the fame is casted but for 
large machines it is fabricated. 

To place the motor on the foundation, feet are provided in the outer frame as shown in Fig. 

9.1. 

(ii) Stator core; When AC supply is given to the induction motor, an alternating flux is set -up in 
the stator core. This alternating field produces hysteresis and eddy current loss. To minimise 
these losses, the core is made of high grade silicon steel stampings. The stampings are 
assembled under hydraulic pressure and are keyed to the frame. Each stamping is insulated 
from the other with a thin varnish layer. The thickness to the stamping usually varies from 
0.3 to 0.5 mm. Slots are punched on the inner periphery of the stampings, as shown in Fig. 

9.2, to accommodate stator winding. 


Stator 



Fig. 9.1 Stator 



(iii) Stator winding: The stator core carries a three phase winding which is usually supplied 
from a three phase supply system. The six terminals of the winding (two of each phase) are 
connected in the terminal box of the machine. The stator of the motor is wound for definite 
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number of poles, the exact number being determined by the requirement of speed. It will 
be seen that greater the number of poles, the lower is the speed and vice-versa, since 


N, 


41 V N, 


_ 120 /^ 
P J 


The three- phase winding may be connected in star or delta 


externally through a starter. 

2. Rotor: The rotating part of the motor is called rotor. Two types of rotors are used for 3-phase 
induction motors, (i) Squirrel cage rotor (ii) Phase wound rotor. 

(i) Squirrel cage rotor: The motors in which these rotors are employed are called Squirrel 
cage induction motors. Because of simple and rugged construction, the most of the 
induction motors employed in the industry are of this type. A squirrel cage rotor consists 
of a laminated cylindrical core having semi-closed circular slots at the outer periphery. 
Copper or aluminium bar conductors are placed in these slots and short circuited at each 
end by copper or aluminium rings, called short circuiting rings, as shown in Fig. 9.3. Thus, 
in these rotors, the rotor winding is permanently short-circuited and no external resistance 
can be added in the rotor circuit. Figure 9.3 clearly shows that the slots are not parallel to 
the shaft but these are skewed. The skewing provides the following advantages: 

(a) Humming is reduced, that ensures quiet running. 

(b) At different positions of the rotor, smooth and sufficient torque is obtained. 

(c) It reduces the magnetic locking of the stator and rotor, 

(d) It increases the rotor resistance due to the increased length of the rotor bar conductors. 



(ii) Phase wound rotor; It is also known as slip ring rotor and the motors in which these rotors 
are employed are known as phase wound or slipring induction motors. This rotor is also 
cylindrical in shape which consists of large number of stampings. A number of semi-closed 
slots are punched at its outer periphery. A 3-phase insulated winding is placed in these 
slots. The rotor is wound for the same number of poles as that of stator. The rotor winding 
is connected in star and its remaining three terminals are connected to the slip rings. The 
rotor core is keyed to the shaft. Similarly, slip-rings are also keyed to the shaft but these 
are insulated from the shaft, (see Fig. 9.4). 

In this case, depending upon the requirement any external resistance can be added in the 
rotor circuit. In this case also the rotor is skewed. 

A mild steel shaft is passed through the centre of the rotor and is fixed to it with key. The 
purpose of shaft is to transfer mechanical power. 
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Skewed 
rotor core 



for ventilation 

Fig. 9.4 Phase wound rotor 


9.2 Production of Revolving Field 

The detail description of production of revolving field has been discussed in chapter 6 please refer 
the same. However, here we will go through the topic quickly. 

Consider a stator on which three different windings represented by three concentric coils AjOj, 
CjCj respectively are placed 120° electrically apart. 

Let a 3-phase supply, as shown in Fig. 9.5, is applied to the stator. Three phase currents will flow 
through the three coils and produce their own magnetic fields. The positive half cycle of the alternating 
current is considered as inward flow of current in the start terminals and negative half cycle is considered 
as outward flow of current in the start terminals. The direction of flow of current is opposite in the 



Fig. 9.5 Wave diagram of 3- phase supply 


Let at any instant fj, current in coilside Oj be inward and in b^ and Cj outward. Whereas, the current 
in the other sides of the same coils is opposite i.e., in coil side is outward and and C 2 is inward. 
The resultant field and its direction (Fm) is marked in Fig. 9.6. 

At instant t 2 when 0is 60°, current in coil sides and b^is inward and in Cj is outward. Whereas, 
the current in the opposite sides is opposite. The resultant field and its direction is shown in Fig. 9.7, 
which is rotated through an angle 6 = 60° from its previous position. 
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At instant t^ when 9 is 120°, current in coilside is inward and in Cj and is outward. The 
resultant field and its direction is shown in Fig. 9.8. Which is rotated through an angle 9 = 120° 
electrical from its first position. 

Thus, in one cycle, the resultant field completes one revolution. Hence, we conclude that when 
3-phase supply is given to a 3-phase wound stator, a resultant field is produced which revolves at 
a constant speed, called synchronous speed {N^ = 120°f IP). 



Fig. 9.6 Stator field position Fig. 9.7 Stator field position Fig. 9.8 Stator field position 
at instant t^ at instant tj at instant tj 


In this case, we have seen that when supply from phase 1,2 and 3 is given to coil a^a^, b^b^ and 
CjCj, respectively, an anticlockwise rotating field is produced. If the supply to coil 0 ^ 02 , b^b^ and CjC 2 
is given from phase 1, 3 and 2 respectively, the direction of rotating field is reversed. Thus, to reverse 
the direction of rotation of rotating field the connections of any two supply terminals are inter changed. 


9.3 Principle of Operation 

When 3-phase supply is given to the stator winding of a 3-phase wound induction motor, a revolving 
field is set up in the stator core. The resultant magnetic field set-up by the stator core, at any instant, 
is shown in Fig. 9.9. The direction of the resultant field is marked by an arrow head Fm. As per the 
supply sequence, let this field is rotating in an anti-clockwise direction at synchronous speed ros 
radian per second. 

The revolving field is cut by the stationary rotor conductors and an emf is induced in the rotor 
conductors. Since the rotor conductors are short circuited, current flows through them in the direction 
as marked in Fig. 9.9(a). A resultant field Fr is set-up by the rotor current carrying conductors. This 
field tries to come in line with the stator revolving field Fm, due to which an electromagnetic torque 
Te develops and rotor starts rotating in same direction as that of stator revolving field. 

Alternately: Reproducing section X of Fig. 9.9(a) as shown in Fig. 9.10, when the revolving stator 
field see Fig. 9.10 (a) cuts the stationary rotor conductors, an emf is induced in the conductors by 
induction. As rotor conductors are short circuited, current flows through them, as marked in Fig. 
9.10 {b), which sets up field around them. A resultant field is set up, as shown in Fig. 9.10 (c), which 
exerts force on the rotor conductors. Thus, the rotor starts rotating in the same direction in which 
stator field is revolving. 
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(a) Stator field position at instant t^ 
and direction of induced emf in 
rotor conductors. 






(b) Phasor position 
of fieids 


Fig. 9.9 Phaser position of stator and rotor fieid 



Fig. 9.10 Working principie of induction motor 


The rotor picks up speed and tries to attain the synchronous speed but fails to do so. It is because 
if the rotor attains the synchronous speed then the relative speed between revolving stator field and 
rotor will be zero, no emf will be induced in rotor conductors. No emf means no current, no rotor 
field and hence no torque is produced. Thus, an induction motor can never run at synchronous 
speed. It always runs at a speed less than synchronous speed. 

Since, the principle of operation of this motor depends upon electromagnetic induction, hence 
the name induction motor. 


9.4 Reversal of Direction of Rotation of Three-phase Induction Motors 

In section 9.2 it has been seen that a revolving field is set up in the stator of a 3-phase induction motor 
when 3-phase supply is given to its winding and the direction of rotation depends upon the supply 
sequence. 

In section 9.3, it has been see that rotor of a three phase induction motor rotates in the same 
direction as that of the revolving field. 

The direction of rotation of the revolving field or that of the rotor can be reversed if the sequence 
of supply is reversed. The supply sequence can be reversed by interchanging the connections of any 
two supply leads at the stator terminals. 
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Hence, the direction of rotation of a 3-phase induction motor can be reversed by interchanging 
the connections of any two supply leads at the stator terminals. 


9.5 Slip 

In an induction motor, the speed of rotor is always less than synchronous speed. 

The difference between the speed of revolving field (Nf and the rotor speed (N) is called slip. 
The slip is usually expressed as a percentage of synchronous speed {N) and is represented by 
symbol S. 

Mathematically, 

% slip, % S = 

or Fractional slip, S = 

Rotor speed, N = {I - S) 

The difference between synchronous speed and rotor speed is called slip speed i.e.. 

Slip speed = N^-N 

The value of slip at full load varies from about 6% small motors to about 2% for large motors. 


N,- N 
N,-N 


xlOO 


Importance of Slip 

Slip plays an important role in the operation of an induction motor. We have already seen that the 
difference between the rotor speed and synchronous speed of flux determine the rate at which the 
flux is cut by rotor conductors and hence the magnitude of induced emf i.e., 62 x N^- N 

Rotor current, (2 x 62 and torque, T oc *2 

T=K(N^-N) 


or 

or 

Hence, Tx S 


T=KN, 


N,-N '\ 

Ns 


T=K^S 


Thus, greater the slip greater will be the induced emf or rotor current and hence larger will be 
the torque developed. 

At no-load, induction motor requires small torque to meet with the losses only such as mechanical, 
iron and other losses. Therefore rotor speed at no-load is very high and the slip is very small. When 
the motor is loaded, greater torque is required to drive the load, therefore, the slip increases and 
rotor speed decreases slightly. 

Thus, it is seen that ship in an induction motor adjusts itself to such a value so as to meet the 
required driving torque under normal operation. 
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9.6 Frequency of Rotor Currents 

The frequency of rotor currents depends upon the relative speed between rotor and stator field. 
When the rotor is stationary, the relative speed between stator revolving field and stationary rotor 
conductors is {Ns- 0 = Ns) the frequency of rotor currents is the same as that of the supply frequency. 
But once the rotor starts rotating, the frequency of rotor currents decreases depends upon relative 
speed or slip speed {N^ - N). 

Let at any speed N, the frequency of rotor currents be/^. Then 

_ {N, - N)P (N, - N) N,P 

120 N^ 120 ^ 

Example 9.1 

A 3-phase, 4 pole induction motor is connected to 400 V, 50 Hz supply. Determine: (i) Synchronous 
speed, (ii) Actual speed of the motor when running at 4% slip (Hi) Frequency of emf induced in rotor. 

Solution: 

Synchronous speed, N^ = ^ = 1500 rpm (Ans.) 

Actual speed of motor, N = Ng (I - S) where, S = 0-04 

N = 1500 (1 - 0-04) = 1440 rpm (Ans) 

Frequency of rotor emf, f^^ Sf= 0.04 x 50 = 2 Hz (Ans) 

Example 9.2 

A 3-phase, 10 HP squirrel cage induction motor is wound for 6 poles. When the motor is connected 
to 230 V, 50 Hz supply, at full-load, it operates at 4% slip. Determine (i) full loud speed, (ii) full 
load torque in Newton-metre. (Hi) frequency of rotor current under this condition and (iv) speed of 
rotation of the stator mmf 


Solution: 


Or 


Synchronous speed, N^ 

Full load speed, N 
Output 

T 


120 / 

P 


120 X 50 

6 


= 1000 rpm 


N^ (1 - S) = 1000 (1 - 0.04) = 960 rpm (Ans) 
(0 r = 10 X 735.5 W (where oi = 2n Nl 60) 


10 X 735-5 X 60 
2;r X 960 


= 73-16 Nm (Ans) 


Rotor current frequency,/^ = Sf= 0.04 x 50 = 2 Hz (Ans) 
Speed of rotation of stator mmf = Ng= 1000 rpm (Ans) 


Example 9.3 

Power to an induction motor is supplied by a 12 pole, 3-phase, 500 rpm alternator. The full load 
speed of the motor is 1440 rpm Find the percentage slip and number of poles in the motor. 
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Solution: 


Speed of the alternator, = 500 rpm 


No. of poles of the alternator, = 
Generated or supply frequency,/ = 
Motor Speed, N = 
No. of poles of motor, P = 

Synchronous speed, = 

Percentage slip, S = 


12 


P N 

a sa 

_ 12 X 500 . 

120 

120 

1440 rpm 

120/_ 

120x 50 _ 

N 

1440 

120/ _ 

120x50 _ 


P 

N,-N 


4 

xlOO = 


= 50 Hz 

4-16 = 4 (Ans) 

1500 rpm 
1500 - 1440 


1500 


X 100 = 4% (Ans) 


Example 9.4 

A 500 HP, 3-Phase, 440 V, 50 Hz induction motor has a speed of950 rpm at full load. The machine has 
6 poles. Calculate the slip. How many complete alternations will the rotor emf make per minute. 

Solution: 


Here,/= 50 Hz, P = 6, N= 950 rpm 
Synchronous speed, 

Slip, 5 

Frequency of rotor emf 

Alternations of rotor emf per min 


120/ ^ 120 X 50 
P 6 

N-N 


= 1000 rpm 


1000 - 950 


: 0’05 or 5% (Ans) 


1000 

Sf= 0.05 X 50 = 2.5 Hz or 2.5 c/s 
2.5 X 60 = 150 c/ min (Ans) 


9.7 Speed of Rotor Field or mmf 

When three-phase currents are supplied to the stator winding of a poly phase induction 
motor, a resultant field is set up which rotates at a constant speed called synchronous speed 

(yv, = i20//n 

This rotating field induces poly phase emfs. in the rotor winding and if rotor winding is closed, 
poly phase currents circulate in it. These currents set up a revolving field in the rotor which rotates 
at a speed 

= 120/^ IP with respect to rotor. 

Now = 120 X Sf/P = SNg 

When rotor itself is rotating at a speed N rpm in the space. 

Speed of rotor field in space = N -¥ =(1 - S) N^-t- SN^ = Ng- SN^ ■+ SN^ = 
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Thus, rotor magnetic field also rotates, in space, at the same speed and in the same direction as 
that of stator field. Hence, the two fields are magnetically locked with each other and are stationary 
with respect to each other. 


9.8 Rotor emf 


The revolving magnetic field set up in the stator by poly phase currents is common to both stator 
and rotor winding. This field induces emfs. in both the windings. The stator induced emf per phase 
is given by the relation; 


E^=AAAkwlTJf^ ...© 

Where kw^ = winding factor i.e., product or coil span factor kc and distribution factor kd. 

Ty = No. of turns/phase of stator winding; 

/ = stator or supply frequency and 
f = maximum value of flux. 

The rotor induced emf/phase, E^ = 4.44 ...(n) 

Whereis the rotor current frequency, and under stationary condition i.e., at the start = f. 
Therefore, rotor induced emf/phase at stand still or start, £ 2 ^ = 4.44 /cwj Tj//^ 

Dividing eq. (ii) by (/), we get. 



A-AAkwjTyfcj) Tj . 

.... = — = K (i.e., transformation ratio) 

A-AAkw{rj(l)^ 7 ; 


From eq. (ii), induced emf in the rotor under running condition, 

E^ = AAAkw^T^(Sf)<l>^=SE,^ 

The induced emf in the rotor circuit is maximum at the start and varies according to the value 
of slip under running condition. Since, the value of normal slip under loaded condition is nearly 5% 
therefore, the rotor induced emf is nearly 5% of the maximum value. 


9.9 Rotor Resistance 

Since the rotor winding is made of some conducting material (copper or aluminium), it has a definite 
resistance (R= p lla). Its value remains constant and is denoted by £ 2 . 


9.10 Rotor Reactance 

Whole of the flux produced by the rotor currents does not link with the stator winding. The part of 
rotor flux which links the rotor conductors but not with the stator winding is called leakages flux 
and hence develops leakage inductance (£ 2 )- The leakage flux and hence the inductance is very 
small if the rotor conductors are placed at the outermost periphery of the rotor as shown in Fig. 9.11. 
Depending upon the rotor current frequency, rotor reactance will be developed. 

Rotor reactance, = 2nfr £2 = 2n SfL 2 = S (2nfL^ 
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When the rotor is standstill i.e., at the start, when slip, 5 = 1 
The value of rotor reactance = X2s = 2%fL^ 
Thus, under normal running, rotor reactance, = SX2s 


Leakage 

flux 



Fig. 9.11 Rotor leakage flux 


9.11 Rotor Impedance 

The total opposition offered to the flow of rotor current by the rotor circuit is called the rotor 
impedance. 

Rotor impedance, = +y Xj = Rj + j SX^s 
Magnitude of rotor impedance, + { 8 X 2 ^)^ 


9.12 Rotor Current and Power Factor 

The rotor circuit diagram of an induction motor is shown in Fig. 9.12. 


R2 I2 


E2-SE2S 


“L 

§ X2-SX2S 

c# 

o 
c: 
c 
c 

? 


Fig. 9.12 Rotor equivalent circuit 


Under running condition; 


Rotor induced emf = £2 ~ SE 2 ?> 


Rotor impedance, = ^J(R 2 f^^\-~(SX^ 


Rotor current, T = 

^2 


yjiR^f+iX^f 
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Rotor power factor, 



9.13 Simplified Equivalent Circuit of Rotor 

The various parameters and electrical quantities are represented on the circuit diagram, as shown in 
Fig. 9.13. The rotor current is given by the expression: 



Fig. 9.13 Rotor equivalent circuit Fig. 9.14 Rotor equivalent circuit 




(a) Simplified rotor circuit (b) Phaser diagram 

Fig. 9.15 Simplified rotor equivalent circuit with phasor diagram 
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Thus, the final simplified equivalent rotor circuit is shown in Fig. 9.15 (a). Where is rotor 

— s\ 

resistance and is standstill leakage reactance. The resistance R 2 I—-—1 is fictitious resistance 


is fictitious resistance 


representing load (R^). 

The power consumed by this fictitious resistance i.e., R 


■2r 

2 5 


is the electrical power which 


is converted into mechanical power to pick the load. After subtracting the mechanical losses, we get 
the output power available at the shaft. 

Thus, electrical power converted into mechanical power, = R 2 ( ^ ^ j watt 


From the simplified equivalent circuit the phasor diagram of rotor circuit is drawn as shown in 
Fig. 9.15 (b). 

Rotor current I 2 lags behind the rotor standstill induced emf £ 2 ^ by an angle f 


The voltage drop across R, across R, 


1-5 , 


i.e., TR- 


are in phase with 


current /j, whereas the voltage drop in ^" 2 ^ i.e., I 2 ^ 2 s l^^^s the current I 2 by 90°. 
The vector sum of all the three drops is equal to £ 2 ^ i.e., 

£ 2 , = 4 ^(R2/Sf+{X2,? 


Power factor of rotor circuit. 


COS^2 = 


R2/S 

I(R2 I S f + iX2,f 


Example 9.5 

An 8 HP, 3-phase, 4-pole squirrel cage induction motor is connected to 400 V, 50 Hz supply. The 
motor is operating at full-load with 5% slip. Calculate the following: (i) The speed of the revolving 
field relative to the stator structure;(ii) The frequency of the rotor currents; (Hi) The speed of the rotor 
mmf relative to the rotor structure; (iv) The speed of the rotor mmf relative to the stator structure; 
(v) The speed of the rotor mmf relative to the stator field distribution; (vi) Are the conditions right 
for the development of the net unidirectional torque? 

Solution: 

Here, P = A, f= 50 Hz; S = 0-05 

(i) The speed of the revolving field relative to the stator structure 

i.e., N = = 1500 rpm (Ans) 

s p 4 

(ii) 4 = Sf= 0-05 X 50 = 2-5 Hz (Ans) 

(Hi) The speed of rotor mmf relative to the rotor structure. 


(iv) Rotor speed, N = N (1 - 5) = 1500 (1 - 0-05) = 1425 rpm (Ans) 
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The speed of the rotor mmf relative to the stator structure 

= N + N^= 1425 + 75 = 1500 rpm (Ans) 

(v) The speed of the rotor mm/relative to the stator field distribution 

= N^- (N + N) = 1500 - 1500 = zero (Ans) 

(vi) Yes, the given conditions fully satisfy for the development of net unidirectional torque. 

Example 9.6 

The resistance and standstill reactance per phase of a 3-phase induction motor is 0.1 ohm and 
0.4 ohm respectively. If 100 Vper phase is induced in the rotor circuit at start then calculate rotor 
current and rotor p.f (i) when rotor is stationary and (ii) when running with a slip of 5%. 


Solution: 

Here, = 0-1 Q; = 0-4 Q; = 100 V 
(i) When the rotor is stationary 


Rotor current, = 




100 


^(R^f+iX^f ^(0-1)2 + (0«f)" 


Rotor power factors. 


R. 


0-1 


V(R2)"+(^2.)" V(0-1)2 ^ ^Q.4^2 


= 242-5 A (Ans) 


■■ 0.2425 lag (Ans) 


(ii) When rotor is running with a slip of 5% i.e., S = 0-05 


Rotor current, 1^ = 
Rotor power factor, 

COS/2 = 


SE. 


2s 


0 04 X 100 


^(R^f + (SX^f (0-1)" + (0-05 X 0-4)2 


R. 


0-1 


7(R2)" + (*5^2, )2 7(0-1)" + (0-05 X 0-4)2 


= 49 A (Ans) 


= 0-98 lag (Ans) 


Example 9.7 

The resistance and stand-still reactance per phase of a 3-phase, 4-pole, 50 Hz induction motor is 
0.2 ohm and 2 ohm respectively. The rotor is connected in star and emf induced between the slip- 
rings at start is 80 V. If at full-load motor is running at a speed of 1440 rpm, calculate (i) the slip, 
(ii) rotor induced emf per phase, (Hi) the rotor current and power factor under running condition 
and (iv) rotor current and p.f. at standstill when the slip rings are short circuited. 


Solution: 


No. of poles, P = 4 
Supply frequency,/= 50 Hz 
Rotor resistance/ phase, /?2 = 0.2 ohm 
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Rotor standstill reactance/ phase, = 2 ohm 

Rotor speed, N = 1440 rpm 
Rotor induced emf at start (line value), 

^2s{L) = 80 V 

Synchronous speed, ^ = 1500 rpm 

r N 2 -N 1500-1440 ^ 

(i) Slip, 5 = - = 0-04 (Ans) 


(ii) Rotor induced emf/phase at standstill. 


{Hi) Under running condition: 


= -^ = 46-2 V {Ans) 
S V3 


Rotor current, L 


l{R2f + {SX^f 

0-04 X 46-2 
\{D-2f + (0-04 X 2f 


= 8-58 A {Ans) 


Rotor p.f., cos ^2 


l{R2)^+{SX2f 


{iv) At standstill condition i.e., at start; 


{o-2y + (0-04 X 2y 


= 0’9285 lagging {Ans) 


Rotor current, L 


!{R2y+{X2,y 


{since 5=1) 


{0-2y + {2y 


= 22-98 A {Ans) 


Rotor p.f., cos ^2 = 


liRif + (^ 2 .)' 


{o-2y + {2y 


= 0-0995 lag {Ans) 


Example 9.8 

The resistance and standstill reactance per phase of a 3-phase star-connected rotor of a phase 
wound induction motor is 1 ohm and 4 ohm respectively. If emf induced across the slip-rings is 80 V 
at start then calculate the current per phase and power factor when (i) sliprings are short-circuited 
(ii) sliprings are connected to a star-connected rheostat of 3 ohm per phase. 
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Solution: 

Rotor induced emf (line value), £ 2 i(L) = 60 V 
Rotor resistance/phase, ^2 “ ^ °6m 
Rotor reactance/phase at standstill, X 2 ^ = 4 ohm 
Rotor induced emf at standstill (phase value), 


E2s = 


Rotor impedance/phase at stand-still ■■ 

(0 When sliprings are short circuited: 

Rotor current, ■ 

Rotor p.f. cos/ 2 ^: 


^ _ 34 .64 V 

V3 V3 

7(1)^ -h (4f =4-123 ohm 


Els ^ 34-64 
Z 2 , 4 -123 

1 


Ro 


Zis 4 -123 


= 8-4 A (Ans.) 

= 0’2425 lagging (Ans.) 


(ii) When sliprings are connected to a star-connected rheostat of 3 ohm per phase as shown in Fig. 
9.16. 


Rotor impedance/phase, Z' 2 ^ = ^(^2 + + (^ 29 )^ 

= 9^(1 3f + (4f = 5-657 ohm 



Rotor current, = 6'123 A (Ans.) 

Z 2 , 5 - 657 

Rotor p.f, COS02J = ^ = 0-707 lagging (An^.) 
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Example 9.9 

A 3-phase induction motor with star connected rotor has an induced emfper phase of 60 V with the 
slip rings open circuited and normal voltage applied to stator. The resistance and standstill reactance 
of each rotor phase are 0-6 ohm and 0-4 ohm respectively. Calculate the rotor current per phase: 

(i) at stand still when the rotor circuit is connected through rheostat having a resistance of 5 ohm 
and reactance 2 ohm per phase. 

(ii) when running with slip rings short circuited with slip of 4%. 

Solution: 

Here, = 60 V; = 0-6 Q; = 04 Q; /? = 5Q; Z = 2Q 
(i) At standstill, when a rheostat is connected with rotor circuit (see Fig. 9.17): 


E2s(l) =x|3x60V 



Rotor current, = 


'^T.s 


+ +(Z2,+Z2f 

60 


= 9-85 A (Ans.) 


^(0 • 6 + Sf + (0 • 4 + 2f 
(ii) When the slip rings are short circuited and the rotor is running at a slip of 4% i.e., S = 0-04 


Rotor current, ^ _ 0 04 X 60 _ ^ (Ans.) 

^{R2f+{SX,,f >-6f+(0-04x0-4f 

Example 9.10 

The standstill impedance of a 3-phase, star-connected rotor of a phase-wound induction motor is 
(0.4-¥j4) ohm. When normal supply is connected to the stator, an emf of 80 V appears across the 
two slip-rings of the motor on open circuit. If a rheostat having impedance per phase of(4+j2) ohm 
is connected in the rotor, determine. 

(a) the rotor current at standstill with the rheostat is in the circuit; 

(b) when running short-circuit with slip of 3%. 
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Solution: 

Rotor induced emf at standstill (line value), 

^2s{L) = 80 V 

Rotor resistance/phase, = 04 ohm 
Rotor reactance/phase at standstill, = 4 ohm 
Rheostat resistance/phase, R = 4 ohm 
Rheostat reactance/phase, X = 2 ohm 
Rotor induced emf at standstill (phase value), 

= = 80 ^ 4g . 2 V 

(a) At standstill, when the rheostat is connected in the circuit as shown in Fig. 9.18. 

^23(1) = 80 V 



Fig. 9.18 Rotor winding with externai impedance 


Total rotor circuit resistance/phase, R'j = R 2 + R = 04 + 4 = 44 ohm 
Total rotor circuit reactance/phase, X'^^ = X^^ + X = 4 + 2 = 6 ohm 

Rotor circuit impedance/phase, = -^(^ 2 )^ + “ -J(4 • 4)^ + (6)^ = 7.44 ohm 

Rotor current, = 6'2 A (Ans.) 

2^ Zj, 7 • 44 


(b) When the sliprings are short-circuited, and the rotor is running at a slip, S = 0-03 
Rotor impedance, Zj = ■J{R 2 )^ + (‘^^ 29 )^ 


= ^(0 • 4f + (0.03 X 4f = 0 • 4176 ohm 


Rotor induced, emf, £2 = S = 0 03 x 46-2 = 1-386 V 

Rotor current, L = — = = 3’32 A (Ans.) 

2 z, 0 • 4176 
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Section Practice Problems 


Numerical Problems 

1. An 8-pole induction motor is supplied at 50 Hz. At full-load its rotor trequency is 1.5 Hz, what will be its 

speed and slip. (Ans. 727 x 5 rpm, 0 x 03) 

2. A -3-phase induction motor is required to be operated at about 700 rpm. What will be the number of poles 
of the machine it supply frequency is (i) 60 Hz (ii) 25 Hz. Also determine its actual speed if slip is 5%. 

(Ans. 10; 684 rpm, 4; 712 x 5 rpm) 

3. A 3-phase, 6-pole induction motor is supplied from a 3-phase, 400 V, 50 Hz supply. If it is operating at 
full-load with 0.04 slip, determine: 

(/) The speed of the revolving field relative to the stator structure. 

(/'/) The trequency ot the rotor currents. 

{Hi) The speed of the rotor mmt relative to the rotor structure. 

(/V) The speed of the rotor mmt relative to the stator structure. 

(i/) The speed of the rotor mmt relative to the stator field distribution. 

(W) Are the conditions right tor the development ot the net unidirectional torque? 

(Ans. 1000 rpm; 2 Hz; 40 rpm; 1000 rpm; zero; yes) 

4. The rotor of a 3-phase, phase-wound induction motor has resistance and stand-still reactance ot 0.5 ohm 
and 2 ohm per phase respectively. When normal rated supply is fed to the stator, 80 V is induced across 
two slip-rings at start on open circuit. Determine the current per phase and p.f. when (/) sliprings are 
short circuited (//') sliprings are connected to a star connected rheostat ot 4 ohm per phase. 

(Ans. 95 x 22A,0-x 2425lagging; 9x38A, Ox 9138lagging) 

5. A 3-phase induction motor, with star-connected rotor, has an induced emf per phase ot 60 V with the 
sliprings open circuited and normal voltage applied to stator. The resistance and standstill reactance of 
each rotor phase are 0-6 ohm and 0-4 ohm respectively. Calculate the rotor current per phase: 

(a) at standstill when the rotor circuit is connected to a star-connected rheostat having a resistance of 
5 ohm and reactance 2 ohm per phase; 

{b) when running with slip rings short-circuited at 4% slip. (Ans. 5-686 A; 2-31 A) 

Short Answer Type Questio ns 

Q.1. How does the name of an induction motors is derived? (PTU) 

Ans. The name of an induction motor is derived from the fact that it work on the basic principle of mutual 
induction. The current in the rotor conductions is induced by the motion of rotor conductor relative to 
the magnetic field produced by the stator currents. 

Q.2. Classify 3-phase induction motors on the basis of their construction. Which one is generally 
preferred and why? 

Ans. Three-phase induction motors may be classified as (/) squirrel cage induction motors and (//') phase 
wound or slip-ring induction motor. 

Squirrel cage induction motor is generally preferred due to its low construction cost, low maintenance, 
high pf, high efficiency, robust construction etc. 
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Q.3. Usually semi-closed slots are preferred is small motors, why? 

Ans. In case of semi-closed slots, the reluctance becomes more uniform and improves the power factor of 
the motor. 

Q.4. Why the rotor slots of an induction motor are skewed? 

Ans. The rotor slots of an induction motor are skewed to reduce humming noise and ensuring quiet running, 
reduce magnetic locking and for smooth and uniform torque. 

Q.5. Why the rotor conductors of the squirrel cage rotor are short-circuited in the case of slip-ring 
induction motors, the rotor circuit is closed through resistors? 

Ans. In induction motors, torque develops by the interaction of stator and rotor fields. The rotor field is 
developed only if current flows through the rotor conductors which is only possible if rotor circuit is 
closed or short-circuited. 

Q.6. What is slip in an induction motor? 

Ans. The difference between the synchronous speed of stator revolving field and the rotor speed expressed 
as a fraction of synchronous speed is known as a slip in an induction motor. 

Q.7. What is the value of slip at start in an induction motor? 

Ans. 1 

Q.8. If the full load speed of a 3-phase, 50 Hz induction motor is 1460 rpm, what will be its synchronous 
speed? 

Ans. 1500 rpm. 


9.14 Stator Parameters 

Like rotor the stator winding of the motor also has resistance Rj. The flux produced by stator winding 
linking with its own turns only (leakage flux) produces leakage reactance Xj. 

Of the total voltage V applied to the stator, a part of it is consumed by stator resistance (IjR)) and 
leakage reactance (IjXj) and the remaining is utilised in establishing mutual flux which links with 
stator and rotor winding both. When it links with the stator winding it produces self-induced emf Ej. 

£i =yi-7 iRi- 7iXi 


9.15 Induction Motor on No-load 


{Rotor circuit open) 

In slip ring induction motor rotor circuit can be opened. Under this condition, when stator is connected 
to 3-phase supply, it draws a very small current called no-load current 1^. This current has two 
components i.e., working component and magnetising component Working component is in 
phase with the supply voltage and it supplies the stator iron losses. Whereas, magnetising component 
lags behind the supply voltage V by 90° and produces the mutual flux which links with stator and 
rotor winding and induces and £ 2 ^. 
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The equivalent circuit and phasor diagram of the motor under this condition is shown in Fig. 9.19. 



(a) Circuit diagram (b)Phasor diagram 

Fig. 9.19 Induction motor at no-load 


9.16 Induction Motor on Load 

When load is applied on the induction motor its speed decreases slightly and slip increases. Thus rotor 
current increases. Simultaneously, to meet with this load, motor draws extra current from the supply 
mains similar to that of a transformer. In fact, power is transferred through magnetic field or flux. 

The complete circuit diagram and phasor diagram of a loaded induction motor is shown in Fig. 
9.20(a) and (b), respectively. 

Here, - exciting reactance = ^ 

^ mag 

Rq - exciting resistance = 

VF 

all other abbreviation have their usual meaning. 

It may be noted that in the equivalent circuit (per phase) of a 3-phase induction motor, the 
mechanical load has been replaced by an equivalent electrical resistance given as: 



The circuit shown in Fig. 20(a) is similar to the equivalent circuit of a transformer with secondary 
load equal to R^. The rotor emf in the equivalent circuit only depends on the transformation ratio 
K(=E2/E;) 

Hence, an induction motor can be represented as an equivalent transformer connected to a variable 
load 
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(a) Circuit diagram of an induction motor 


V 



(b) Phasor diagram of an induction motor 
Fig. 9.20 Circuit diagram and phasor diagram of an induction motor on-ioad 


9.17 Induction Motor vs Transformer 

An induction motor can be compared with a transformer considering the following facts: 

Similarities 

1. Induction devices: Both induction motor and transformer are the induction devices, the stator 
and rotor of an induction motor can be compared to the primary and secondary of a transformer. 

2. Performance at no-load: When a 3-phase supply in fed to the stator of a 3-phase induction 
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motor, a revolving field is set-up in the stator core and an emf is induced in the rotor as well as 
in the stator winding {please refer to Art. No 9. S) similarly as it is induced in the secondary and 
primary winding of a transformer but in this case field is pulsating not revolving. If we refer 
to the equations, the only difference is that in case of induction motors, the winding factor 
{k^= kf) is considered since the winding is distributed over the stator core as per the design 
requirement. Thus, an induction motor at standstill exhibits the characteristics of a transformer 
on no-load. In induction motors also the leakage fluxes exist as in a transformer. 

3. Performance on-load: Under load conditions also the behaviour of both the devices is similar. 
The flow of current in the rotor conductors produces rotor mmf. The rotor mmf and stator 
mmf both are rotating at synchronous speed and hence stationary with respect to each other, 
thus can be combined. This produces the same effect as it is produced in a transformer where 
mmf produced by primary and secondary are combined. Because of this combined mmf, 
when load on the transformer (secondary) increases, the primary draws extra current from 
the supply and the load current is transferred through mmf depending upon transformation 
ratio. Similarly, when mechanical load on an induction motor increases, rotor current increases 
and simultaneously motor draws extra current from the supply and the transfer of load occurs 
through mmf, 

4. Performance under short circuit: An induction motor with blocked rotor is similar to a 
transformer under short circuit. The stator and rotor windings have resistance and leakage 
reactances just as transformer primary and secondary windings have and hence, the equivalent 
circuit and phasor diagram of an induction motor is similar to a transformer. 

Dissimilarities 

Although, as per performance, both are similar devices as explained above but at the same time there 
are some dissimilarities too as mentioned below: 

1. Winding placement and designing: As per the need, induction motor winding is well distributed 
over its core, where as in a transformer, the winding is concentrated. 

2. Operating conditions: An induction motor is a rotating device; basically it converts electrical 
energy into mechanical energy. Whereas a transformer is a static device; basically it transfers 
electrical energy from one circuit to the other and while doing so the voltage level is raised or 
lowered. 

3. Leakage reactance and magnetising current: since there is air gap between rotor and stator, the 
leakage reactances in an induction motor are higher than in a transformer. Moreover, induction 
motor draws more magnetising current which reduces its power factor. 

4. Losses and efficiency: induction motor has more losses (i.e., mechanical losses because of 
rotating parts) and lower efficiency than a transformer. 


9.18 Reasons of Low Power Factor of Induction Motors 

The basic principle of operation of an induction motor is mutual induction. When 3-phase supply is 
given to a 3-phase wound stator of an induction motor, a revolving field is set up in the stator. This 
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field (flux) is also set up in the air between stator and rotor which links with rotor conductors and 
an emf is induced in them by mutual induction. 

To set up the mutual flux, induction motor draws magnetising current from the mains which 
lags behind the voltage by 90° as shown in Figs. 9.19(fl) and 9.20(b). The magnitude of this current 
is quite large because of high reluctance of the air gap between stator and rotor. 

The power factor of the induction motor is minimum at no-load as shown in Fig. 9.19 (a) since the 
magnetising current has its dominating effect. However, the power factor increases with increase in 
load on the induction motor and is maximum at full load as shown in Fig. 9.20 (b). 

Therefore, it is advised to operate the induction at full load. 

Thus, because of air gap, induction motor draws large magnetising current and operates at low 
lagging power factor. 


9.19 Main Losses in an Induction Motor 

The major losses in an induction motor are: 

1. Stator losses: The losses which occur in the stator of an induction motor are called stator losses. 

(i) Stator copper losses - (per phase) 

(ii) Stator iron losses- These are the hysteresis and eddy current losses. 

2. Rotor losses: which occur in the rotor of an induction motor are called rotor losses. 

(i) Rotor copper losses - R 2 (per phase) 

(ii) Rotor iron losses- Since under normal running condition rotor frequency is very small, 
therefore. These losses are so small that they are neglected. 

3. Mechanical losses: The sum of windage and friction losses is called mechanical losses. 


9.20 Power Flow Diagram 

Electrical power input is given to the stator. There are stator copper and iron losses and the remaining 
power i.e.,stator output is transferred to the rotor through magnetic flux called rotor input. In the 
rotor there are rotor copper losses and the remaining power is converted into mechanical power called 
mechanical power developed in the rotor. Then there are mechanical losses and the remaining power 
is available at the shaft called mechanical power output. 

The power flow diagram is shown in Fig. 9.21. 
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(elect.) 
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stator 
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Rotor 
copper loss 


Mech. 

losses 


Rotor 
output 
at shaft 
(mech.) 


Fig. 9.21 Power flow diagram 
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9.21 Relation between Rotor Copper Loss, Slip and Rotor Input 

We have seen that the electrical power developed in the rotor is converted into mechanical power 
which is given by the relation: 

Mech. power developed in the rotor = ^ j .. .(i) 

The rotor copper losses = R 2 ■ ■ -00 


From power flow diagram: 


Rotor input = Mech. power developed + rotor copper losses 


= 4"^2 (^)+V^2=[^ 


From eq. (i) and (ii), we get, 


Rotor copper loss 
Mech. power developed 


p 1-5 

^2 ^2 c 


Rotor copper loss = I ^^ j Mech. power developed 


From. eq. (ii) and (Hi), we get, 


Rotor copper loss _ I 2 R 2 


Rotor input 


Ii Ri / 5 


Rotor copper loss = S x Rotor input 


Note: All the values are the phase values. 


9.22 Rotor Efficiency 


The ratio of rotor output (i.e., mech, power developed in rotor neglecting mechanical losses) to the 
rotor input is called the rotor efficiency. 


Rotor efficiency = 


Mech. Power developed 
Rotor input 


I 2 R 2 I S 


= (1 - 5) 


Example 9»11 

The power input to a 3-phase induction motor is 80 kW. The stator losses total 1x5 kW. Find the 
total mechanical power developed if the motor is running with a slip of 4%. 
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Solution: 


Stator output or rotor input = Stator input - stator losses = 80 - 1-5 = 78-5 kW 
Rotor copper losses = 5 x Rotor input = 0 04 x 78-5 = 3 14 kW 
Mechanical power developed = Rotor input - Rotor copper losses 

= 78-5 - 3-14 = 75-36 kW {Ans) 


Example 9.12 

A 10 H.P., 4 pole, 25 Hz, 3-phase, wound rotor induction motor is taking 9100 watt from the line. 
Core loss is 290 watt, stator copper loss is 568 watt, rotor copper loss in 445 watt, friction and 
windage losses are 100 watt. Determine; (a) power transferred across air gap; (b) mechanical power 
in watt developed by rotor; (c) mechanical power output in watt; (d) efficiency; (e) slip. 

Solution: 

Power input to motor or stator 
Power transferred across air gap 

Mechanical power developed in rotor 
Rotor output 

Motor efficiency 
Slip, 5 

Example 9.13 

A 50 H.P., 3-f, 6-pole induction motor delivers full load output at 960 rpm at 0-8 p.f when supplied 
with 400V, 50Hz supply. Losses due to windage and friction come out to be 2H.P. and stator losses 
are 2 kW. Find out. (a) total rotor Cu loss; (b) efficiency and (c) line current. 


9100 watt 

Stator input - Stator core loss - Stator copper loss 
9100 - 290 - 568 = 8242 W {Ans) 
rotor input - Rotor copper loss = 8242 - 445 = 7797 
Mechanical power developed - Mechanical loss 
7797 - 100 = 7697 W {Ans.) 

X 100 = X 100 = 84-58 % {Ans) 
input 9100 

Rotor copper loss 445 


Rotor innnt 


8242 


: 0-05399 {Ans) 


Solution: 

Here, Output = 50 HP, 3-phase, P = 6;N= 960 rpm; 

cos (j) = 0-8; = 400 V;/= 50 Hz; 

Mech. loss = 2 HP; stator losses = 2 kW 

Power developed in rotor = rotor output ■¥ mech. loss 


Synchronous speed, 

Fractional slip, S 
Rotor copper loss 


50 H- 2 = 52 HP = 52 X 735-5 = 38246 W 
= = 1000 rpm 


Ns-N _ 1000 - 960 ^ Q.Q 4 


N, 


1000 


1 - s 


X power developed in rotor 
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1 - 0-04 


X 38246 = 1594 W {Ans.) 


Input to motor = power developed in rotor + Cu loss + stator loss. 

= 38246 + 1594 + 2000 = 41840 W 

Motor efficiency, it = x 100 = X 100 = 87-9% {Ans.) 

^ ' input 418040 


Line current, I, 


41840 


V3 cos (j) V3 X 400 X 0-8 


: 75-49 A (Ans.) 


Example 9.14 

A 4 pole, 3-phase, 50 Hz, 400 V induction motor has a delta connected stator and a star connected 
rotor. Each phase of rotor winding carries one-fourth of the number of turns on each phase of 
stator winding. The full load speed is 1455 rpm The rotor resistance is 0x3 ohm, and rotor standstill 
reactance is 1 ohm per phase. The stator and rotor windings are similar. Stator losses equal 100 W. 
Friction and windage losses are equal to 50 W. Calculate. 

(i) blocked rotor voltage per phase (ii) rotor current per phase at full load 

(Hi) total rotor power input at full load (iv) rotor power loss at full load 

(v) efficiency. 

Solution: 

Here, P = 4;/= 50 Hz; y, = 400 V; ^ 4 ; 

’j ’2 ’ Atj 4 ’ 

N = 1455 rpm; = 0-3 Q; = 1 Q; 

Stator loss = 100 W; Mech loss = 50 W 
Stator induced emf per phase, E^ = V^ = 400 V {delta connected) 


Blocked rotor voltage per phase, E,, = ~yr~ = 100 V {Ans) 


Synchronous speed ,N 


Slip, 5 : 


120 X 50 
4 


1500 rpm 


N-N 


1500 - 1455 
1500 


:0x03 


Rotor current, L 


l{R,)^ + {SX,f 


0 ■ 03 X100 
/(O • 3)2 + (0 • 03 X 1)2 


= 9 • 95 A {Ans) 

Rotor copper loss = 312^ R2 = 3 x (9-95)^ x 0-3 = 89 W {Ans) 


Power input to rotor ^ 


Rotor copper loss 


: 2967 W {Ans) 


Input to the motor = rotor input + stator losses = 2967 + 100 = 3067 W 
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Output at the shaft = rotor input - rotor copper loss - mech. loss 
= 2967 - 89 - 50 = 2828 W 

Efficiency = X 100 = |||| X 100 =92-2 % {Ans) 

Input 3067 

Example 9»15 

A 3-phase, 6 pole, 400 V, 50 Hz induction motor develops 20 HP including mechanical losses when 
running at 965 rpm, the power factor being 0 x 87 lagging. Calculate (i) the slip (ii) rotor copper 
losses (Hi) the total input if the stator losses are 1500 watt (iv) line current and (v) the number of 
cycles made per minute by the rotor emf 

Solution: 

Here =400 V; P = 6;/= 50 Hz; N = 965 rpm 

cos ^ = 0x4 lag; Stator copper loss = 1500 W 

Synchronous speed, ^ = 1000 rpm 


Slip, 5 : 


N-N 


1000 - 965 


X 100 = 3 • 5 % (Ans) 


Mechanical power developed = 20 HP = 20 x 735-5 = 14710 W 


Rotor copper losses 


mech. power developed 


0 035 
1 - 0 • 035 


X 14710 = 533 X 5 W (Ans) 


Input to stator = mech. power developed + rotor copper loss + stator copper loss 
= 14710 + 533 5 + 1500 = 16743 • 5 W (Ans) 

Line current, I, = — = 16743-5 - = 27 - 78 A (Ans) 

V3 cos^ V3 X 400 X 0 - 87 


Rotor frequency,/^ = S x/= 0 - 035 x 50 = 1 - 75 Hz or c/s 
No. of cycles made per minute by rotor emf = 1 - 75 x 60 = 105 cycle/min. (Ans) 

Example 9.16 

A 60 H.P., 6-pole, 3-phase induction motor delivers load output at 960 rpm at 0-8 power factor 
when supplied with 400 V. 50 Hz supply. Losses due to windage and friction come to 3 H.P. and 
the stator losses are 2kW. Find out: (a) Total rotor copper loss', (b) efficiency, and (c) line current. 


Solution: 


Rotor output = 60 H.P = 60 x 735-5 = 44130 W 
Mechanical losses = 3 H.P. = 3 x 735-5 = 2206 W 
Mechanical power developed = Rotor output + Mechanical losses 


= 44130+ 2206 = 44336 W 
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Synchronous speed, 

Slip, 5 
Rotor copper loss 

Stator losses 
Input to stator or motor 

Efficiency, 77 
Line current, 


120/ ^ 120 X 50 
P 6 

N,-N 1000 - 960 


S 

1 - 5 
0-04 


= 1000 r.p.m. 
= 0-04 


1000 

mech. power developed 
X 46336 = 1931 W 


1 - 0 • 04 
2kW = 2000W 

Mech. power developed + Rotor Cu loss + Stator losses 
46336 + 1931 = 2000 = 50267W 
Output _ 44130 


Input 50267 
Input power 


X 100 = 87-79% (Ans.) 

50267 


V 3 X Line voltage X p.f. V3 X 400 X 0 • 8 


= 90-67 A (Ans.) 


Example 9.17 

A 4-pole, 3-phase, 50 Hz induction motor supplies a useful torque of 159 Newton-metre. Calculate 
at 4% slip: (i) The rotor input; (ii) Motor input; (Hi) Motor efficiency, if the friction and windage 
losses total 500 watt and stator losses are 1000 watt. 


Solution: 


No. of poles, L = 4; Lrequency,/= Hz 

Torque at shaft, 7^ = 159 Nm; Slip, S = 4% = 0-04 

Mechanical losses = 500 W; Stator losses = 1000 W 

e AM 120/ 120x 50 1.^0 

Synchronous speed, = - - -= 1500 r.p.m. 

Rotor speed, N = N^{1 - S) = 1500 (1 - 0-04) = 1440 rpm 

Angular speed, ro = 

60 

Rotor output = (oT^ = X 159 = 23977 W 

Mech. power developed in rotor = Rotor output + Mech. losses = 23977 + 500 = 24477 W 

? n. 04 

Rotor Cu loss = -- mech. power developed = - —-— — X 24477 = 1020 W 

1-5 1 - 0 • 04 

Rotor input = Mech. power developed + Rotor Cu loss 

= 24477 + 1020 = 25497 W (Ans.) 

Motor input = Rotor input + Stator losses = 25497 + 1000 = 26497 W (Ans.) 

Motor efficiency, 77 = x 100 = X 100 = 90-49% (Ans.) 

^ ' Input 26497 
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Example 9.18 

A 4-pole, 50 Hz, 3-phase induction motor has an efficiency of 85% for useful output power at the 
shaft of 17 kW. For this load the total stator losses are 900 W and the windage and friction losses 
are 1100 W. Calculate the slip, torque developed by the rotor and torque available at the rotor shaft. 


Solution: 


No. of poles, P = A\ Supply frequency,/= 50 Hz 

Motor efficiency, 77 = 85% = 0-85; Output power = 17 kW = 17000 W. 

Stator losses = 900 W; Mechanical losses = 1100 W 

Output power 17000 onnnn wi 

Input power = - - — - -= ^ = 20000 W 

rj 0-85 


Stator output or rotor input 
Mech. power developed 
Rotor Cu losses 

Slip, 5 

Synchronous speed, 


Input power - Stator losses = 20000 - 900 = 19100 W 
Output power + Mech. losses = 17000 + 1100 = 18100 W 
Rotor input - Mech. power developed =19100-18100 =1000 W 
Rotor Cu loss _ 1000 


Rotor input 19100 
120/ _ 120 X 50 


= 0 • 05235 


= 1500 r.p.m. 


Rotor speed, N = N^{\-S)= 1500 (1 - 0-05235) = 1421-47 rpm 

Angular speed, ro = = 2a: X 1421 - 47 ^ ^ad/sec. 

60 60 


Mech. power developed in the rotor = (oJ 

Torque developed. T = Mieh. power developed ^ ^ 

^ ^ (0 148-85 

Torque at the shaft, 

Example 9.19 

A 3-phase induction motor has an efficiency of 90% and runs at a speed of480 rpm The motor is 
supplied from 400 V mains and it takes a current of 75 A at 0-77 p.f Calculate the B.H.P. (metric) 
of the motor and pull on the belt when driving the line shaft through pulley of 0-75 m diameter. 


Solution: 

Supply voltage, = 400 V; Rotor speed, N = 480 rpm 

Motor efficiency, 77 = 90% = 0-9; Current drawn from mains, 1^ = 15 A 
Motor p.f., cos (j) = 0-77 lag. Diameter of pulley, d = 0-75 m 

Radius of pulley, r = ^ = 0 - 375 m 

Input power = V3 V^l^ cos ^ = V3 X 400 X 75 X 0-77 = 40010 W 
Output power = Input power x 77 = 40010 x 0-9 = 36009 W 
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B.H.R of the motor = O^tput power ^ ||0| ^ 43.953 ^ 

Angular speed, ro = = 16;i: 

dU dU 

Torque at the shaft, T = Quptut power ^ ^ 716-376 Nm 

^ ^ w I6n 

Now, torque, = Pull on the belt x radius of pulley 

Pull on the belt = ^ = = 1910 • 34 N = = 194-73 kg (Ans.) 

Example 9.20 

A 440 V, 50 Hz, 6-pole, 3-phase induction motor draws an input power of 81 kW from the mains. 
The rotor emf makes 120 complete cycle per minute. Its stator losses are 1 kW and rotor current 
per phase is 65 ampere. Calculate: 

(i) Rotor copper losses per phase; (ii) Rotor resistance per phase; 

(Hi) Torque developed. 

Solution: 

Supply voltage, = 440 V; Supply frequency,/= 50 Hz 

No. of poles, P = 6 ; Input power = 81 kW = 81000 W 

Stator losses = 1 kW = 1000 W 
1 9fl 

Rotor frequency,/^ =120 c/m = = 2 c/s 

Rotor current per phase, 1^ = 65 A 

Stator output or rotor input = Stator input - Stator losses = 81000 - 1000 = 80000 W 
Slip, 5=^ = ^ = 004 

Total rotor Cu loss = Sx Rotor input = 0-04 x 80000 = 3200 W. 

7900 

Rotor Cu losses per phase = —-— = 1067 W (Ans.) 

Rotor Cu losses per phase = I 2 R 2 

Rotor resistance P, = = 0-2525 ohm (Ans.) 

(65)2 

Mech. power developed in the rotor 

= Rotor input - Rotor Cu losses = 80000 - 3200 = 76800 W 

Cl, AM 120/ 120x 50 inor, 

Synchronous speed, = - - -= 1000 r.p.m. 

Rotor speed, N = N^(l - S) = 1000 (1 - 0-04) = 960 rpm 

A 1 A 2n X 960 

Angular speed, ro = =-—-= 30 ;r rad/sec. 
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Mech. power developed = taT 

Torque developed, T = Mech. power developed ^ ^ 7^3.94 ^ 

(o yin 

Section Practice Problems 

Numerical Problems 

1. A 3-phase induction motor draws 40 kW from the main, the corresponding stator iosses are 1-5 kW. 
Caicuiate: 

(a) The totai mechanicai power deveioped and the rotor PR iosses when the siip is 0 ■ 04. 

{b) The output power of the motor if the friction and windage iosses are 0 ■ 8 kW. 

(c) The efficiency of the motor. Negiect the rotor iron iosses. 

(Ans. 36-96 kW; 1-54 kW; 36-16 k\N: 90-4%) 

2. A 400 V, 6-poie, 50 Hz, 3-phase induction motor deveiops 20 H.P. inciusive of mechanicai iosses when 
running at 995 rpm, the power factor being 0 ■ 87. Caicuiate: 

(/) Siip (/7) The rotor copper iosses {Hi) The iine current. The stator copper ioss is 1500 W. 

(Ans. 0 - 005:73 - 92\N:27I\) 

3. A 6-poie, 3-phase induction motor runs at a speed of 960 rpm and the shaft torque is 135- 7 Nm. Caicuiate 

the rotor copper ioss if the friction and windage iosses amount of 150 watt. The frequency of suppiy is 
50 Hz. (Ans. 574-67 i4/) 

Sho rt Answer Ty pe C^estions 

Q.1. What are the major parameters of the stator of an induction motor? 

Ans. Major parameters of the stator of an induction motor are stator winding resistance R^, stator winding 
reactance (ieakage reactance) X,, exciting resistance fi^^and exciting reactance Xg. 

Q.2. Why an induction motor is considered similar to a transformer? 

Ans. Since both are induction devices and power is transferred from one circuit to the other through magnetic 
fieid. 

Q.3. Which are the major losses in an induction motor? 

Ans. The major losses in an induction motor are copper losses, iron losses and mechanical losses. 

9.23 Torque Developed by an Induction Motor 


We have already seen that the electrical power of 3-phase induction motor converted into mechanical 
power is given by the relation; 




- - •© 

also. 

Pq = a T 

...(© 


Where, ro = angular speed of the rotor in rad/sec. and 
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T = torque developed by an induction motor in Nm. 
Equating eq. (i) and {ii), we get 

^1-51 




j_ Ijj^ 

(Oo ' S 


jIRi i-s 


0 ) 


where = angular synchronous speed in rad/sec. 


As 


h ~ 


SE. 


2s 


^(R,f+(SX,,f 


[since ro = ro (1 - 5')] 


7 ’ — 3 


T= ^ 


SE 


2s 


^{R,f+(SX,f 


SEiR2 


Rn 


ELRi / S 


[( 7 ^ 2 )" + (SX 2 , f m isf+ix^f] 

This is the expression for full load torque. 


9.24 Condition for Maximum Torque and Equation for Maximum 
Torque 


The full load torque developed in an induction motor is given by the relation: 




®2 [(/?2)" +( 5 X 2 .)"] 


Toe 


SR-, 


Rl + S^XI, 


(since — E^, is constant) 

0), 


The torque developed will be maximum at a particular value of slip. As, slip (S) is a variable 
quantity, therefore, to obtain the condition for maximum torque, the above expression for torque is 
differentiated with respect to S and equated to zero. 


ifi 

dS 


{Rl + S^XI) R 2 - SR^iO + 2SXl) 


(Rl + S^xlf 


■ 0 


or ( 77,2 + 52 ) R = 2R X. 2 


or 


2 ^ ^'^2s 

= {SX^)^ or = SX, 


2s 


or S = 7 ? 2 /^ 2 j which torque is maximum. 

To obtain the expression for maximum torque substitute the value of R^ = SX^^ in the expression 
for full load torque, we get. 
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Maximum torque, T = — 


SEt iSX.,) 


3£; 


2s 


+{SX^f] 


2(oX. 


2s 


Thus, the maximum torque is independent of rotor resistance but it is inversely proportional to 
rotor reactance at standstill (i.e., X 2 ). Therefore, to achieve higher value of maximum torque, the 
leakage reactance of the rotor should be kept minimum. This is achieved (i) by placing the rotor 
conductors very near to the outer periphery of the rotor and (ii) by reducing the air gap between 
stator and rotor to smallest possible value. 


9.25 Starting Torque 


At start rotor is stationary and the value of slip is one i.e., 5=1. 

Thus, to obtain the expression for starting torque, substitute the value of slip, 5 = 1 in the expression 
of full load torque; 


Starting torque, T = 


_3 _ 


Sometimes maximum torque is required at start. In that case, in the condition for maximum torque 
substitute the value of 5 = 1. 


/?2 = 8 X 2 ^ = ^ 2 ^ (since 5 = 1 at start) 

Thus, to obtain maximum torque at start, the value of rotor resistance must be equal to rotor leakage 
reactance at standstill. Therefore, at start some external resistance is added in the rotor circuit. This 
is only possible in case of slip ring induction motors. This is the reason, why slip ring induction 
motors are applied where heavy loads are required to be picked up at start such as in lifts, cranes, 
elevators etc. Once the motor picks up the load the external resistance is gradually reduced to zero. 

In case of squirrel cage induction motors, the rotor resistance is fixed and is kept quite low in 
comparison to rotor reactance, otherwise the rotor copper losses would be high and the efficiency 
of the motor would fall to low value. However to obtain higher starting torque in case of squirrel 
cage induction motors another cage is embedded in the rotor and the motor is called a double cage 
induction motor. 


9.26 Ratio of Starting to Maximum Torque 

Starting torque is given by the expression: 

J _ 3 ^2 j^2 

^ (»s[rI+xI] 

Maximum torque is given by the expression. 

T = 

2(0X2, 


-ii) 


...(ii) 
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The ratio of starting to maximum torque is obtained by dividing equation (i) by (ii); 




^Rl / ^2. 


Rl+Xl (/? 2 /^ 2 .) + 1 


Putting = a- ^ = 

Rls ■'m a + 1 


9.27 Ratio of Full Load Torque to Maximum Torque 


Full load torque is given by the expression: 


^ 0 ). 


seI R 2 


{Rif+ {sx2sf 


Maximum torque is given by the expression: 


2®.^2.v 


To obtain the ratio of full load torque to maximum torque divide equation (i) by the (ii); 


^Ri^isS 




x(5Z2,f] {R2lX,^f+{sf 


Putting ^ = a; ^ = 


Z , oZ 

a +0 


9.28 Effect of Change in Supply Voltage on Torque 


The torque developed by the induction motor, when it is running with slip S, is given by the expression; 


Y — 


R2 


KSE 2 , R2 


’^2+H.)] ^2 +(^2^2,) 2 


constant/f = — 

(O, 


K'SR2 F 
R^+{SX2,)2 


since Zsjs 0 T(applied voltage) 
and K' is another constant) 


At full load, the slip S is very low; therefore, the value of ( 8 ^X 2 ^^) is so small that it can be neglected 
in comparison to /? 2 - 

K'R 2 SV^ = K"SV^ _ 


where constant K" = —- 


T^SV^ 


Thus, when the supply voltage V is changed, it changes the torque T developed by the motor under 
running condition. With the decrease in supply voltage, torque decreases abruptly and in order to 
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maintain the same torque to pick up the load slip increases or speed decreases. Hence, the motor 
draws extra current from the supply mains which may overheat the motor. If the motor is operated 
continuously under this condition, it may burn. 


9.29 Torque-slip Curve 

The full load torque developed by an induction motor is given by the expression; 

(Os [Rl+iSX^f] 

To draw the torque-slip or torque-speed curve the following points are considered: 

(0 At synchronous speed (A^); slip, 5 = 0 and torque T = 0. 

(ii) When rotor speed is very near to synchronous speed i.e., when the slip is very low the value of 
the term (5^2^)^ is very small in comparison to [i.e., < < R 2 )} and is neglected. 

Therefore, torque is given by the expression; 

T= =kS,oiTozS 

(Os Rl 

Thus, at low values of slip, torque is approximately proportional to slip S and the torque-slip 
curve is a straight line, as shown in Fig. 9.22. 



Fig. 9.22 Torque-slip curve 


{iii) As the slip increases torque increases and attains its maximum value when S = RJX^^. This 
maximum value of torque is also known as break down or pull out torque. 

(iv) With further increase in slip due to increase in load beyond the point of maximum 
torque i.e., when slip is high, the value of term {SX^)^ is very large in comparison to R^ 
[i.e., {SX^)^ » Therefore, R^ is neglected as compared to iSX^)^ and the torque is given 
by the expression. 
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Thus, at higher value of slip (i.e., the slip beyond that corresponding to maximum torque), torque 
is approximately inversely proportional to slip S and the torque-slip curve is a rectangular hyperbola, 
as shown in Fig. 9.22. 

Thus, with the increase of slip beyond the point of maximum torque, due to increase in load, torque 
decrease. The result is that the motor could not pick-up the load and slows down and eventually stops. 
This results in blocked rotor or short circuited motor. 


9.30 Torque-speed Curve and Operating Region 

The torque-speed curve of an induction motor is shown in Fig. 9.23. It is the same curve which is 
already drawn, the only difference is that speed is taken on the abscissa instead of slip. 

From the curve, it is clear that induction motor develops the same torque at point X and Y. However 
at point X the motor is unstable because with the increase in load speed decreases and the torque 
developed by the motor also decreases. Therefore, the motor could not pick up the load and the result 
is that the motor slows down and eventually stops. The miniature circuit breakers will be tripped 
open if the circuit has been so protected. 

At point Y, the motor is stable because in this region with the increase in load speed decreases 
but the torque developed by the motor increases. Thus the motor will be in position to pick up the 
extra load effectively. 

Thus, on the torque-speed curve region BC is the unstable region and region AB is the stable 
or operating region of the induction motor as shown in Fig. 9.23. 



9.31 Effect of Rotor Resistance on Torque-slip Curve 

To see the effect of rotor resistance on torque-slip curve, consider a slip ring induction motor in which 
additional resistance in the rotor circuit can be introduced through slip rings. The rotor reactance 
remains constant. 

It has already been seen that maximum value of the torque developed by an induction motor is 
independent of rotor resistance R^, but is inversely proportional to rotor standstill reactance 
Therefore, the effect of change in rotor resistance will change the value of slip at which this maximum 
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torque occurs; Greater the rotor resistance, greater the value of slip at which the maximum torque 
occurs since 

S = —^ at which torque is maximum 

^2s 

The torque-slip curves are shown in Fig. 9.24. for various values of rotor resistance R 2 keeping 
rotor reactance constant. When is 0 • 1 times of the maximum torque will occur at slip S 
R 0 1 -X 

= —=0-1. Now, if the rotor resistance Zj is increased, by adding some resistance 

externally, to the value so that it becomes 0 • 2 times of then maximum torque would occur at a 
R. 0.2Zt 

slip S = =0-2 and so on. 

^2s R2 s 



-► Slip 

Fig. 9.24 Torque-slip curves with addition of various external resistors 

The maximum value of the torque can be obtained even at the start by adding that much resistance 
in the rotor circuit so that R^ becomes equal to X^^- 

The following important points may be noted from the above discussions: 

(i) The maximum torque developed by an induction motor remains constant since it is independent 
of the rotor resistance. 

(ii) The slip at which maximum torque occurs varies with the variation of the rotor resistance. 

{Hi) The starting torque increased with the increase in the value of rotor resistance. 

(iv) The maximum torque is obtained at the start when rotor resistance is made equal to rotor 
reactance at standstill i.e., R^ = X^^ 

Example 9.21 

A 3-phase induction motor has a 4-pole star-connected stator winding. The motor runs at a line 
voltage of200 V, 50 Hz supply. The rotor resistance and standstill reactance per phase are 0.1 and 
0.9 ohm respectively. The ratio of rotor to stator turns is 0.67. Calculate the total torque at 4% slip. 

Solution: 

Here, F = 4; / = 50 Hz; R^ = 0-1 Q; 

Supply voltage (line value), = 200 V 


Z2, = 0-9Q; 


5 = 4% 
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Stator induced voltage (phase value), 
Ratio of rotor to stator turns, ^ 

h 

Rotor induced emf at standstill, 
Synchronous speed, 
Synchronous angular speed, 

Torque developed, T 


Yl ^ 2m ^ 11547 V 

V3 V3 

0 - 67 =^ 


0-67 = 0-67 X 11547 = 77-365 V 


120/ ^ 120 X 50 
P 4 

2n X 1500 


60 


60 


= 1500 rpm 
50 n rad/sec. 


3 ^2 


[R2+(5V2,)2] 


3 0-04x(77-365) xO-1 xt ^ 

X -^ = 40-48 Nm (Ans) 


son [(0 • 1)2 + (0 - 04 X 0 - 9f] 


Example 9.22 

The rotor resistance and standstill rotor reactance of a 3-phase, 4-pole, 50 Hz, phase-wound 
induction motor is 0.21 ohm and 0.7 ohm per phase respectively. Calculate the speed at which 
maximum torque is developed. 


Solution: 

Here, P = 4;/= 50 Hz; R^ = 0 ■ 21D.-,X^^ = 0 ■ 1 D. 

Condition for maximum torque is Rj = ^^ 2 s 

Torque will be maximum at a slip, S = = 77 -^ = 0-03 

^2s t) - 7 

Synchronous speed, = 1500 rpm 

Speed at which the torque will be maximum, 

N = N^{\-S)= 1500 (1 - 0-03) = 1455 rpm (Ans) 


Example 9.23 

A 400 V, 3-phase motor has a rotor resistance of 0-02 ohm and standstill reactance of 0-1 ohm. It 
has stator to rotor turns ratio of 5. What must be the value of total resistance of a starter to be used 
in series with rotor circuit for maximum torque to be exerted at starting. Also find the rotor current 
under this condition. 

Solution: 

Here, = 400 V; = 0-02 Q; ^ 2 ^ = 0-1 Q 

T 

Ratio of stator to rotor turns, = 5 

^2 
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Let us consider that stator be connected in star; 

Stator supply voltage (phase value), V = = 230-94 V, 

V3 

= y = 230-94 V 

r, Er, I 

Transformation ratio, A" = -f = = — 

7[ Lj 5 


Rotor induced emf at standstill, E^ = 

’ 2 f C 


230 - 94 


: 46-19 V 


Condition for maximum torque; 

At start slip, 5 = 1 and let the additional rotor resistance per phase be R ohm, 


^2 ^ ~ ^2s 


R = X. - R, = 0-1 - 0-02 = 0- 08 ohm (Ans) 


Under this condition; rotor current 


j(R, + Rf + (A2J2 

46-19 ^ 

/(O -\f + (0 -\f 


■■ 326’ 6 A (Ans.) 


Example 9.24 

The impedance of the rotor circuit at standstill of a 1000 HP, 3-phase, 16-pole induction motor is 
(0.02 + jO.15) ohm. It develops full-load torque at 360 rpm what will be. 

(i) The ratio of maximum to full load torque; 

(ii) The speed at maximum torque; 

(Hi) The rotor resistance to be added to get maximum starting torque. (XIPTM) 

Solution: 

Here,/= 50 Hz; P = 16; R^ = 0-02 Q; = 0-15 Tl',N= 360 rpm 
e u ^ 120/ 120 x 50 


Synchronous speed, N^= - 
Full load slip, S = - 

Full load torque is given by the expression: 

T= - 

( 

Maximum torque is given by the expression: 


p 

16 =" 

N,-N 

375 - 360 

N. 

375 

^x- 

SEl R 2 


= 375 r.p.m. 
^ = 0 - 04 


[R^ + (AA2,)^] 
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From (0 and {ii) equation; Ratio of maximum to full load torque, 


T 

m 

T 


Kl+{SX2sf 


ISR.X. 


■2^2i 
2 


(0 • Olf + (0 • 04 X 0 • isf 
2 X 0 • 04 X 0 • 02 X 0 • 15 


: 1-817 (Ans.) 


The condition for maximum torque is 


■■ SX^ 


The slip at which maximum torque occurs, 

_ R. 


X 


2s 


0 02 

0 15 


= 0-1333 


For maximum torque rotor speed, N = N^{\ - S) = 375 (1 - 0-1333) = 325 rpm {Ans) 

To obtain maximum torque at the start, let R be the addition resistance connected in series with each 
rotor phase, then 

^2 ^ “ ^2j 

R = X^^-R^ = 0-15 -0-02 = 0-13 ohm {Ans) 


Example 9.25 

A 440 V, 50 Hz, 4-pole, 3-phase, star-connected induction motor running at 1440 rpm on full 
load has a slip ring rotor of resistance 0-01 ohm and standstill reactance of 0-167 ohm, per phase. 
Calculate (i) the ratio of standing torque to maximum torque (ii) the ratio of maximum torque to 
full load torque. 


Solution: 

Flere, P = 4;/= 50 Hz; R^ = 0-01 Q; = 0-167 Cl-,N = 1440 rpm 

e n A sj 120/ 120x 50 1.^0 

Synchronous speed, -= 1500 r.p.m. 

Full load slip, 5 = ^ = 0-04 


(i) Ratio of starting torque to maximum torque: 

2a 


1500 


a + 1 


where a ■ 


Ri 0-01 


Z 2 , 0-167 


= 0-06 


71 


2 X 0 - 06 


(0 - 06) + 1 
{ii) Ratio of maximum torque to full load torque: 


= 0-12 {Ans) 


R/n _ a 
T 


2+52 ^ (0.06)^ + (0 - 04 )^ 


2aS 


2 X 0 - 06 X 0 - 04 


= 1-083 {Ans) 
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Example 9.26 

Two squirrel cage induction motors A and C are identical in all respect except that rotor of A is 
made of aluminium having a resistivity of3x 10^^ ohm-m and that of motor C is made of copper 
having a resistivity of 2 x 10^^ ohm-m. The starting torque of motor A is 120 Nm. Predict the starting 
torque of motor C. 


Solution: 


Resistivity of aluminium, = 3 x 10 ohm-m 
Resistivity of copper, p^ = 2 x 10“*^ ohm-m 
Starting torque of motor A, = 120 Nm 


Starting torque of an induction motor is given by the expression: 

3 


T = 


eIRi 


^ (Os[rI+xI_ 


= K- 


R. 


Rl ^2s 


or 


r OC 


a 


ocl 
pi p 


Thus, the starting torque is just inversely proportional to resistivity. 

-r 1 

T , , OC — 

s(a) ^ 


and 




Therefore, 


s(c) 

^s(a) 


pa 

pc 



Thus, starting torque developed by motor C, 

Es(c) = — X Es(a) = X 120 = 180 Nm (Ans.) 

s(c) S(a) 2 X 10^* 

Example 9.27 

A 4-pole, 3-phase, 50 Hz induction motor has resistance and stand still reactance of 0-03 Q and 
012 T1 per phase respectively. Find the amount of rotor resistance per phase to be inserted to obtain 
75% of maximum torque at start. 


Solution: 

Rotor resistance per phase, R^ = 0-03 Q. 

Rotor reactance/phase at stand still, = 0T2 Q. 

To obtain 75% of maximum torque at start let a resistance of R ohm be connected in each phase 
of rotor circuit, then 

Rotor resistance, Rf = R 2 + R 
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The ratio of starting torque to maximum torque is given by the relation; 


2a ^ 1^ 
+ 1 100 


where a = —^ 


3a^ + 3 - 8a = 0 


_ 8 + V64 - 36 _ 8 + 5-29 
“^6 6 

a = 2-215 or 0-4517 

/ 

1- = 2-215 or 0-4517 


R '2 = 0-2658 or 0-0542 ohm 


(since Z, =0-12) 


Higher value of R'^ i e., 0-2658 is not considered because of higher losses. 

R\ = 0-0542 or + /? = 0-0542 

or R = 0-0542 - 0-03 = 0-0242 ohm {Ans) 

Example 9.28 

400 V, 3-phase, 50 Hz, 6 pole induction motor is supplying a load of 20 kW, when the frequency 
of rotor currents is 2Hz. Estimate (i) Slip and speed at this load (ii) Rotor copper loss (Hi) Speed of 
motor when supplying 30 kW load assuming torque-slip curve to be a straight line. 


Solution: 

Here,/= 50 Hz; = 6;/ = 2Hz; Output = 20 kW 


Synchronous speed, ^ = 1000 r.p.m. 

Slip, 5 = ^ = ^ = 0 - 04 or, 4% (Ans.) 


Rotor speed, N = N - SN 


since S = 


N-N 


= 1000 - 0-04 X 1000 = 960 rpm (Ans.) 

S 

Rotor copper loss = - -- X mech. power developed 

1 


1-0-04 


X 20 = 0 - 833 kW =833 W (Ans.) 


It is given that torque-slip curve to be straight line. 

Tx S as well as Toc output 


Hence, S x output 
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oc outputj and oc output 2 


or 

S 2 _ 30 kW 

20 kW 

or 

^2 = § X 0 • 04 

or 

^2 = 0-06 


Speed, N = N^il-S)= 1000 (1 - 0-06) = 940 rpm (Ans.) 

Section Practice Problems 


IMumerical Problems 

1. A 3-phase induction motor has a rotor resistance of 0.02 ohm and standstiii reactance of 0.1 ohm per 

phase. What must be the vaiue of totai resistance of a starter for the rotor circuit for maximum torque to 
be exerted at starting. (Ans. 0.08 ohm) 

2. The rotor resistance and stand-stiii reactance per phase of a 3-phase, 8-poie, 50 Hz, phase-wound 
induction motor is 0.01 ohm and 0.1 ohm respectiveiy. At fuii-ioad the machine is operating at 4% siip. 
Find the ratio of maximum torque to fuii ioad torque. Aiso find the speed at which this torque occurs. 

(Ans. 1-45, 675 rpm) 

3. A 3-phase induction motor has a 4-poie, star-connected stator winding. The motor runs at a iing voitage 
of 400 V, 50 Hz suppiy. The motor resistance and stand-stiii reactance per phase are 0-1 ohm and 1 ohm 
respectiveiy. The ratio of stator to rotor turns is 4. Caicuiate: (/) Starting torque; (//') Fuii ioad torque, when 
the siip is 4%; (///) Siip at which maximum torque occurs and rotor speed; (/V) Maximum torque; (v) Ratio 
of starting to maximum torque and fuii ioad torque to maximum torque; (w) Vaiue of additionai rotor 
resistance per phase to obtain maximum torque at start. 

(Ans. 6-3 Nm; 21-95 Nm; 0-1, 1350 rpm; 31-83 Nm; 0-198, 0-69; 0-9 ohm) 


Shor t Answ er Type Questions 

Q.1. What parameters determine the torque of an induction motor? 

Ans. Torque depends upon rotor induced emf, fjs rotor resistance, fij, rotor reactance, Xjg, and siip (or 
rotor speed N) 

Q.2. Can we get maximum torque at start in an induction motor, how? 

Ans. Yes, we can.by adding externai resistance in the rotor circuit (in case of phase-wound induction motor) 
so that Xjg = (/?2 + R) 

Q.3. Which type of motor deveiops higher starting torque? 

Ans. Phase-wound (or siip ring) induction motor. 

Q.4. Does rotor resistance affect the maximum torque developed in the induction motor? 

Ans. No, maximum torque deveioped in an induction motor is independent of rotor resistance. 
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Q.5. How does the supply voltage affect the torque developed by an induction motor? 
Ans. Ta 1/2 i.e., torque developed varies as the square of the supply voltage. 

Q.6. What is the effect on the siip when the ioad on an induction motor increases? 
Ans. When load increases, slip also increases. 


Q.7. 

Ans. 


Why the rotor conductors are placed at the outermost periphery of the rotor? 

This arrangement minimise the rotor reactance Xjg and increases the maximum torque produced by 
1 


the motor, because T a 


X 


2s 


9.32 Constant and Variable Losses in an Induction Motor 

Various losses which occur in an induction motor during energy conversions are given below: 

(i) Constant losses (ii) Variable losses. 

(0 Constant losses: The losses which are independent of the load and remain constant irrespective 
of the load variation are called constant losses. These losses may be: 

(a) Core losses: These include hysteresis and eddy current losses in stator as well as in rotor 
core. Eddy current losses in rotor core is negligible since rotor current frequency is very 
small of the order of 0-5 to 2 Hz. These losses are constant or fixed losses since these depend 
upon voltage and frequency which is practically constant. 

(b) Friction and windage losses: These losses are also constant as these losses depend upon the 
speed of the induction motor. The speed of induction motor is approximately constant (for 
normal running, slip is very small). These losses occur in the machine because of power loss 
due to friction at the bearings and to overcome wind resistance. Additional sliding friction 
loss occur in the slip ring induction motor. 

(ii) Variable losses: The losses which depend on the load and change with the variation in load 
are called variable losses. These losses are: 

(a) fiR loss in stator winding. 

(b) P- R loss in rotor winding. 

There losses occur due to the resistance of stator winding as well as resistance of rotor 
winding. This loss is also called copper loss. It is proportional to the square of the current 
following in the stator as well as in rotor winding. 

(c) Brush contact loss: This loss occurs only in slip ring induction motors. This is occurring 
because of contact resistance between brushes and slip rings. Its magnitude is very small 
since contact resistance is made minimum. 

(Hi) Stray losses: These losses are occurring in iron as well winding of the machine. These cannot 
be determined exactly but are accounted for when the efficiency of the machine is calculated, 
by suitable factor. 

. output output 

Efficiency, ri = -.—-— =-- 

input output + losses 
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9.33 Main Tests Performed on an Induction Motor 

To determine losses, power factor, efficiency and other characteristics of an induction motor various 
tests viz stator resistance test, no-load test, blocked rotor test, heat run etc., are performed on an 
induction motor 


9.33.1 Stator Resistance Test 

This test is performed to determine the resistance of stator winding. In this test, resistance between two 
terminals of the stator winding is measured by voltmeter-ammeter method using DC supply as shown 
in Fig. 9.25 this gives the resistance of two phases in series. To obtain the resistance of each phase, 
the measured value is divided by 2. Let the resistance measured between two terminal be R', where 

_ voltmeter reading (V) 
ammeter reading (I) 

r' 

Resistance of each phase, ^ - ~2 


Stator of 



Fig. 9.25 Circuit for stator resistance test 


To obtain more accurate results, the resistance may be measured between terminals 1-2,2-3 and 

R' + R' 4" R' 

3-1 as R'p R’ 2 , R' 3 , respectively. Then their average value is considered i.e., R' = — -^- - . Since 


the effective AC resistance is higher than the DC resistance, the average value R' is multiplied by a 
is multiplied by 1.2 to obtain the effective value. 

Hence, Winding resistance/phase, R= 1.2 R' 


9.33.2 Voltage-ratio Test 

This test can only be performed on a phase-wound induction motors. While performing this test, 
brushes are lifted from the slip-rings and stator is excited by 3-phase AC supply through a 3-phase 
variac at normal frequency. The ratio of rotor to stator voltage can be measured by means of voltmeters 
connected on the both sides, as shown in Fig. 9.26. to obtain more accurate results, various reading 
across different phases near to rated voltages are taken and the average value is considered. 
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Fig. 9.26 Circuit for voitage ratio test 


In this case, it may be noted that the rotor current frequency is the same as that of the supply 
frequency since the rotor is stationary. 

9.33.3 No-load Test 

This test, as the name indicate, is performed on induction motor when it is running without load. 
This test tells us the magnitude of constant losses occurring in the motor. 

The machine is started in the usual way and runs without load at normal voltage. On the stator 
side, suitable instruments are connected between supply mains and motor terminals to measure 
power, line current and line voltage, as shown in Fig. 9.27. For power and power factor measurement 
wattmeter readings Wj and W 2 are taken keeping the switch at stud-1 and then at stud-2. Since 
motor is running without load, p.f. of the motor is low (less than 0-5), so once the wattmeter will 
give down-scale reading. To obtain up-scale reading, the connections of the potential coil of the 
wattmeter are reversed by changing the position of switch-2 from stud-1 to stud-2, but the reading 
is considered as negative. 


3-phase supply 



Fig. 9.27 Circuit diagram for no-ioad test 
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Total power drawn by the motor is then the difference of the two wattmeter readings. The readings 
of wattmeters are taken with various values of applied voltage and then curve is plotted against power 
and input voltage. From this curve windage and friction losses are determined. 

Since motor is at no-load the input power supplied to the motor is utilised to meet with the losses 
only. Losses are occurring in iron core of the stator as well as rotor which are called core losses. 
Small amount of copper loss is also occurring in stator winding. This can be neglected since stator 
current is very small. Therefore, total power is the sum of rotor iron loss + copper loss in stator H- 
friction and windage loss. The readings noted at normal voltage and at rated frequency are considered 
to find out the fixed core losses. 



Fig. 9.28 Curve between applied voltage and power input to the motor at no-load 


The procedure to separate the various losses is given below: 

Total power measured by two readings of the wattmeter = Pq= {W- VT 2 ) watt, 


where 1 ^ is 


Copper losses in stator winding = 

the no-load current measured by ammeter at normal voltage and rated frequency of supply 


and /?j is the stator winding resistance per phase, and V = 


(Voltmeter reading) 

s 


is the applied 


voltage per phase. 

Total constant losses = (Pg - 3 /q^Pj) watt 

Now to determine the friction and windage losses the curve drawn between applied voltage and 
input power is extended till it cuts the vertical axis. The point where it intersects the vertical axis, 
represent the losses at zero applied voltage. When applied voltage is zero the core losses and stator 
copper losses are zero. Therefore, power input at no-load and zero voltage represents the windage 
and friction losses. Other calculation is given below: 

No-load power factor, cos 
No-load exciting resistance, P, 


= 

3I,V 

= V 
4 cos 00 4 
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No-load exciting reactance, = -— =- 

4 cos 00 I mag 

The equivalent circuit of an induction motor at no-load is shown in Fig. 9.29. 


Fig. 9.29 Equivalent circuit of an induction motor at no-load 

9.33.4 Blocked Rotor Test 

This test is performed by locking the rotor (by holding the rotor not to rotate). This is carried out to 
know the copper loss at short circuit, power factor at short circuit and total equivalent resistance 
and reactance of the motor referred to stator side. This test is just equivalent to short circuit test of 
a transformer. 

Keeping switch 5jand at stud-1 and starting with zero voltage across the stator, the applied 
voltage is gradually increased in steps till motor draws the full-load current. The readings of voltmeter, 
ammeter and wattmeters are noted, the wattmeter reading is taken as it is again noted by changing 
the position of switch from stud-1 to stud-2 and recorded as While performing this test the 
following points are taken care of. 

1. The mechanism used to hold (or block) the rotor should be of proper strength. 

2. The direction of rotation of rotor should be established prior to start the test. And direction of 
force which is to keep the rotor blocked (unmoved) should be in opposite direction. 

3. As the windings get heated while performing the test, therefore this test should be carried out 
quickly. 

4. The short circuit current should not be allowed to rise more than one and half times the full 
load current. 

Calculations from Test Results 

Let be the total power measured when T^^/phase be the circulating current and is the voltage 
applied per phase, where 17 ^ = voltmeter reading / ^/3 . 

P.c=W, + W, 

V 

Then equivalent impedance/phase of the motor referred to stator side Q. 

P 

Power factor, cos 0 = ——— 

rsc 3y J 
sc sc 

Let be the equivalent resistance of the motor referred to stator side. 





Electrical Machines 


770 



Uc ^eq1 ^eq1 



Fig. 9.30 Equivalent circuit of induction 
motor referred to stator side 


Fig. 9.31 Equivalent circuit of induction 
motor on stator side 


R 


eql 


'ill 


-Q. 


Equivalent reactance, of the motor referred to the stator side, 


Kql = 



The equivalent circuit of the induction motor referred to stator side is shown in Fig. 9.30 
Usually, the stator reactance per phase is assumed to be equal to rotor reactance per phase as 
referred to stator side, i.e.. 


Z' = Xi=- 


X, 


eql 


and Xj 




In case of phase wound motors, the stator and rotor winding resistances per phase can be measured 
separately and the resistance determined by the test is divided in the same ratio. 

In case of squirrel cage motor, the rotor resistance per phase, as referred to stator, can be determined 
by subtracting Rj (calculated from stator resistance test) from R^^j, i.e.. 


K=(Reql-Rl) 


A 


The equivalent circuit is shown in Fig. 9.31. 

The total power input to motor when rotor is locked is absorbed as total copper losses in the motor 
as well as small iron losses (usually neglected). The iron losses are small since small voltage only 10 
to 15% of normal voltage is applied to circulate full load current in the motor. 

P = total Cu loss in motor. 

SC 

If = full load current of motor then is total copper loss on full load. 


9.33.5 Heat Run Test 

When a motor is operated at load, it is heated-up due to various losses which occur in different parts 
of the machine. Maximum temperature is obtained by the machine at a certain load. The life of the 
winding insulation depends upon the temperature. 
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Therefore, this test is performed on the motor to check the rise in temperature which must remain 
with-in the prescribed limits. 

The prescribed limits depend upon the type of insulation material used and the duty cycle of the 
motor. The temperature is measured both while the motor is operating and after it is shut-down. The 
motor should be stopped as soon as the motor attains the thermal equilibrium. 

Example 9.29 

No-load and blocked rotor test were performed on a 400 V, 3-phase delta-connected inductions 
motor and the following results were obtained: 

No-load test: 400 V; 2.5A; 600 W 

Blocked-rotor test: 200 V; 12.5 A; 1500 W 

Determine energy (or working)component and magnetising component of no-load current, no- 
load power factor, exciting resistance and reactance per phase referred to stator (primary) side 
assuming that friction and winding lasses are 180 W. 

Also determine equivalent resistance and reactance of the motor referred to stator side as well 
as current and power factor on short circuit with normal rated voltage of400 V assuming that the 
stator winding resistance per phase is 5 ohm. 

Solution: 

Here, Motor is delta connected. 

From no-load test: = 

Phase voltage, V = 

No-load phase current, f = 

Stator copper loss, = 

Windage and friction loss, = 

Stator iron lass, P^ = 

No-load power factor, cos = 

Energy component of no-load current, 

1 = 

W 

Magnetising component of no-load current, 

1 = 

mag 

Exciting resistance, = 

Exciting reactance, = 


400 V; = 2.5 A; Pg = 600 W and Rj= 5 ohm 
y^=400 V 

^^ = ^ = 1.443 A 
V3 V3 

3//Pi = 3 X (1.443)^ X 5 = 31.25 W 
180 W (given) 

P -Pr,-P f 

o Cl wj 

600-31.25- 180 = 388.75 W 
Pi 388.75 


3VT 3x400x1.443 


0.2245 lag. (Ans) 


4 cos0„ = 1.443 X 0.2245 = 0.324 A (Ans.) 


sic - = V(1-443)2 - (0.324)2 ^ ^ 

V 400 


4 0.324 

V _ 400 


1-406 


= 1235 ohm (Ans.) 
284.5 ohm (Ans.) 
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From blocked-rotor test. 


Kc(L) = 200 V;/^(,, = 12.5 A; 1500 W 


Phase voltage on short circuit, = 200 V 

^sc(l) 12 5 

Phase current on short-circuit, I = —= 7.217 A 

^^73 73 

Equivalent impedance referred to stator side, 

.7 Vsc 200 0-7-7 u 

Z , = = 7 =-:—TT = 27.7 ohm 

7.217 


Equivalent resistance referred to stator side, 


R , = 


Equivalent reactance referred to stator side, 


3 X (7.217r 


= 9.6 Q (Ans.) 


A = JZ 


Real = 7(27.7)" - (9.6)" = 25.98 Q. (Ans.) 


^eql - S 

Short circuit current at rated voltage of 400 V, X /jc(^) = X 12.5 = 25 A (An^.) 


Power factor on short circuit, cos 1 


3 3 X 200 X 7.217 


: 0.3464 lag (Ans.) 


Example 9.30 

A 400 V, 3-phase, star connected induction motor draws 40 A at a line voltage of 80 V with rotor 
locked. The power drawn by the motor under this condition is 480 W. the DC resistance measured 
between a pair of stator terminals is 0.2 Q. if the core loss is 80 W and the ratio of AC to DC 
resistance is 1.4, determine the equivalent leakage reactance per phase of the motor as well as stator 
and rotor resistance per phase. 

Solution: 


Here, = 80 V; = 40 A; P = 480 W 


Phase voltage at short circuit, V 


= -^ = 46.2V 

73 73 


Equivalent impedance referred to stator side/phase. 


Z = ^ = 1.115 Q 


At short-circuit copper loss - Pi = 480 - 80 = 400 W 

Equivalent resistance referred to stator side/phase, 

Z , = -^ = = 0.25 Q 

(40)" 

Equivalent reactance referred to stator side/phase. 
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= 1.087 Q {Ans) 

DC resistance of the stator winding/phase, 

AC resistance of the stator winding/phase, 

= 0.1 X 1.4 = 0.14 Q(Ani.) 

Rotor resistance referred to stator side/phase, 

R\ = 0.25 - 0.14 = 0.11 Q(An^.) 


9.34 Equivalent Circuit of an Induction Motor 

It is seen that when stator winding of a 3-phase induction motor is connected to 3-phase supply, the 
rotor circuit being closed (or short circuited), torque is developed and rotor rotates. Thus, energy 
is transferred from stator winding to rotor winding through magnetic flux. Therefore, an induction 
motor is similar to a transformer with a rotating secondary. The induction motor may be viewed as 
shown in Fig. 9.32. where per phase values have been considered. 


, R, X, 1/ Stator Rotor r X, U 



Air gap 

Fig. 9.32 Induction motor circuit 


This circuit can be further represented as shown in Fig. 9.33. Here, stator and rotor winding is shown 
just as it is the primary and secondary of a transformer. 



Fig. 9.33 Equivalent circuit of induction motor 
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The various quantities (all phase values) in the circuit are: 

Stator side: V = Supply voltage 

Rj = Stator winding resistance 
Xj = Stator reactance 
Ij = Stator current 
Iq = Stator no-load current 
Imag = magnetising component of no-load current 
= working component of no-load current 
Xq = exciting reactance 
Rq = exciting resistance 

I 2 = rotor current referred to stator (primary) side 


Here, 


, = X or/?„ = f 

W I? ^ J 

I o — i mag i w 

I '2 = Kl 2 (K= transformation ratio if not it is taken as 1) 

7i = T'l + 7o 

El = y- 7iZi =v-liiRi+ jx^) 


Rotor side: 


Here, 


^ 2 S 


R. 


X 


2S 


^2 

X, 


■^ 2 S 


rotor induced emf at stand-still 

rotor induced emf under running condition 

rotor current 

rotor winding resistance 

rotor reactance at stand-still 

rotor reactance under running condition 

fictitious resistance representing load 


KE^', R^^ — 


1-5 . 


£2 = SE2c \ X2 = sx. 


2S 


El = /2Z2 = / 2(£2 +7^2) 


Phasor Diagram 

The complete phasor diagram of an induction motor is shown in Fig. 9.34. It is exactly similar to 
that of a transformer except that in this case the magnetising current is very large due to air gap 
between stator and rotor. 
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Fig. 9.34 Complete phasor diagram of an induction motor 


9.35 Simplified Equivalent Circuit of an Induction Motor 

To simplify the circuit, all the quantities which are represented on the rotor side can be referred to the 
stator side in the similar method as these are transferred (or referred) from secondary to primary for 
a transformer. Then, the simplified equivalent circuit of the induction motor will become as shown 
in Fig. 9.35. Here, represents the equivalent electrical resistance represent gross mechanical load 
on the motor (or mechanical power developed in the rotor) 



Fig. 9.35 Simplified equivalent circuit (all quantities referred to stator side) 


The equivalent circuit of an induction motor can further be simplified as shown in Fig. 9.36. 
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Fig. 9.36 Simplified equivalent circuit of an induction motor referred to stator side 


Where, = overall motor resistance referred to stator side. 

= R^+= R^+! k'^ 

= overall motor leakage reactance referred to stator side. 

= X^+ X2’ = X^+ X2 / 


R^^ = Fictitious load resistance referred to stator side. 
= 
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or + /?0] = f + 3 v" 

or ^Re^tK +R'l = Re,i' +R^^+2 R^^, R[ + Xj 

or = RJ + Xj 

or R'c = JrJ + = Z 1 


The above equation shows that an induction motor will develop maximum power when load 
equivalent resistance R'^ will be equal to standstill leakage impedance (Z^^j) of the motor. 
Accordingly, the gross maximum power output of the motor, 


(Re,l 

3y^ 

Xeql 

^9 ^^9 




(Putting R\ = 

+ Xeq\ 

) +(Xeqi) 







3 


3V'^ 

- 7 


Re,l^ 

+ 

^ + 2 Reql 

+ Xeql^ (Reql^ + X^^^ 

") + 

z ^ 

^eql 

+ 2 Reql Z^q,^ 


3 

N 

r9 

> 

1 


3 

y2 


+ Xeql 

^ + 2 Reql Xeqi 

'^XeqiiReqi 

" 2 

^Reql 

+ Xeql) 


The slip corresponding to maximum power developed (i.e., gross power output) can be obtained 
by putting the condition, i.e.. 


R', = 


^2 /l-5\ _ Rill 


K^\ S j K^\S 


7 + = ^2 


c Ri / ^ 

or S = -^^ 

Ze^l+iRl/K^) 

Example 9.31 

A 3-phase induction motor with a unity turn ratio has the following data/phase referred to stator side: 
Stator impedance Z\ = (1.0-(- y 3.0) ohm; 

_ / 

Rotor standstill impedance Zis = (1.0 -t- j 2.0) ohm; 

No-load or exciting impedance, Zq = (10 -I- j 50) ohm 

Supply voltage, V = 240 V 

Estimate the stator current, equivalent rotor current, mechanical power developed, power factor, 
slip and efficiency when the machine is operating at 4% slip. 


Solution: 

The equivalent circuit for the motor as per data is shown in Fig. 9.37. 
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=1Q =ZQ Rj' = 1 ^X 23 ' =2Q 



Equivalent load resistance, 


Effective impedance per phase, Zejf 


Stator load current, h 


Equivalent rotor current, 
No-load current, /o 

Stator equivalent current, 1 1 

h 

Power factor, cos (j)j 
Mechanical power developed 

Motor efficiency, 77 


^2 /1 - S 

K^\ S 

R 


( 1 ) 


1 / 1-0.04 
2 \ 0.04 


= 24 0. 


Ri+-^ + K\ + J\x,+^ 

K 


X- 


y 


r 


1 + ^+ 24 

(if 


\ 

( \ 

+ y 


J 

1 iif J 


= {26 + j5) O 


V ^ 240 

Zeq (26 + j5) 


240 

26.47Z10.9° 


(9.06Z - 10.9°) A 


9.06(cosl0.9° - y sinl0.9°) = (8.896 - yl.713) A 

4 = ^=9M K{Ans.) 

K 1 

^ ^ 240 ^ 240 

Zo (10-I-y 50) 51 Z 78.7° 


4.7Z - 78.7° = (0.921 - y4.61)A 


h + /o = (8.896 - yl.713) + (0.921 - y4.61) 


(9.817 -y6.323) = (11.7 Z-32.78°) A 
11.7 A {Ans.) 


cos 32.78° = 0.84 lagging {Ans.) 

3 {i;fRl = 3 (9.06)2 X 24 = 5910 W {Ans) 

Output ^_ 59 H)_ 

input 3x240x 11.7x0.84 


= 0.8352 = 83.52% {Ans) 


Example 9.32 

A 3-phase 4-pole, 50 Hz, 400 V, 8kW, star connected squirrel cage induction has the following data: 
Rj = 0.4 O/phase; R 2 = 0.25 O /phase; Xj = ^ 2 ^= 0.5 O /phase; = 15.5 O/phase. 
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The motor develops full-load internal torque at a slip of 4%. 

Assume that the shunt branch is connected across the supply, determine (i) slip at maximum torque 
(ii) maximum torque developed at rated voltage and frequency (Hi) torque developed at the start at 
rated voltage and frequency. 


Solution: 

Here, = 0.4 Q; Xj = 0.5 Q; = 0.25 Q; ^ 25 = 0.5Q 
= 15.5 Q; 5 = 0.04; = 400 V;/= 50 Hz. 

Phase voltage, V= ^ ^ = 231 V 

V3 V3 

Slip to develop maximum torque, S^= = 0.5 (Ans.) 

^2S 

For maximum torque development 
Equivalent impedance of the motor at S 


+ j{X, +X^s) = (o-4 + If) + i(0-5 + 0.5) 


0.9 +;■ 1 = 1.345 Z 48° ohm 


Rotor current. 7, = Si = 


-(here, £2 = V since £ = l) 


= 171.7 Z-48° 

4 = 171.7 A (Ans) 

Rotor copper loss = 3 I 2 R^ = 3 X [lll.lf X 0.25 = 22122 W 


Power input to rotor, P 2 “ ^ 2 ~ 


Rotor copper loss _ 22122 


= 44244 W 


Synchronous speed of revolving field. 


= 120^, 1500 rpu, 


r P,x60 44244 x 60 

Maximum torque developed, T = 

^ ^ 0)^ 2nNs 2 a: X1500 


: 281.67 Nm (Ans) 


For starting torque: 


Equivalent motor impedance, Zeq\{s) = R\ + + 7 (^1 +^ 25 ) 


At start, slip, S^= 1.0 


+ -f y ( 0.5 + 0.5) = (0.46 + yl) ohm 


= (1.1 Z 65.3°) ohm. 
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Rotor current at start, I 2 S = oc 

Zs 1 . 1 ^ 65.3 

/, c = 210 A (Ans.) 


= 210ZH65.3° 


Rotor copper loss = 3 l 2 s^ R 2 = 3x (210)^ X 0.25 = 33075 W 


Power input to rotor, ^25 = 


= 33075 W 


Starting torque developed, r„ = = 33.75 X 60 _ 210.6 Nm (Ans.) 


^ cOs 2nx 1500 


Example 9.33 


A 3- phase 4-pole, 50 Hz 400 V, star-connected squirrel cage induction has the following data: 
Stator impedance, Zi = (0.07 + j 0.25) ohm 

Equivalent rotor impedance, Z 2 = (0.07 + jO.3) ohm 

Determine the maximum power developed (gross output), torque and the slip at which it occurs. 
Neglect exciting reactance. 

Solution: 

Here, = 400 P; P = 4 ; / = 50 //z ; Zi = (0.07 + j 0.25) ohm 
Z2’=(0.07 + 7 0.3) ohm 

Phase voltage, V= ^ ^ = 231 V 

sl3 V3 

motor equivalent impedance referred to stator side 

Z,,i = (0.07 + ;0.25) + (0.07 + 7 O. 3 ) = (0.14 + 70 . 55 )ohm 
= (0.5675Z75.7°) ohm 
Z„„, = 0.5675 ohm 


Slip corresponding to maximum power developed 


+R2/K^ 


(where K=\ not given) 


0.5675 + 0.07 


= 0.11 = 11% (Ans) 


Maximum power developed, P 


\Req\ + ^eq\ 


3 X (231)^ 

j “ 2(0.14 + 0.5675) 


Synchronous speed, AP = 


= 113132 W s 113 kW (Ans.) 
_ 120/_ 120x50 _,,,,_ 


= 1500 r.p.m. 
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Maximum torque developed, 7^ = 


n,x60 


113132x60 
2k X 1500 


= 2263 Nm {Ans) 


9.37 Circle Diagram 

The performance of an induction motor can be studied, at a glance, with the help of its circle diagram. 
The construction of a circle diagram is based on the simple equation of a circle. 

To understand it more clearly, consider an RL series circuit, as shown in Fig. 9.38. The circuit is 
fed at constant voltage V. It contains a constant reactance X but a variable resistance R. 



Fig. 9.38 RL series circuit 


From the circuit. 


1=1 = 


V 


i 


R^ 




sin ^ ^ = 


X 

yjR^ + xSf 
Z 


V ■ r 
= — sm^ 


^Jr^ + 


I = ^ sin 


where ^ is constant 
JC 


(see phasor diagram) 




The equation (i) represents the equation of a circle in polar from having diameter (V/X). Such a 
circle is shown in Fig. 9.39 (a). While drawing this circle the magnitude of the current and power 
factor angle are taken as polar co-ordinates of the point A. 

The circuit represents the locus of point A which is the extreme point of vector OA= 1 since, R is 
variable, its magnitude varies which also changes the phase angle cj) 

-1 Z 

(j) = sin , = ) is such a way that point A lies on the circle having diameter equal to V7Z 

sJR^ + X^ 

(constant value). Usually, for lagging power factors, the circle diagrams are drawn by taking diameter 
on horizontal position (X-axis) and voltage vector on vertical (Y-axis) position, as shown in Fig. 9.39 
(b). All relations are true for both the positions. 



782 


Electrical Machines 



(a) Circle having co-ordinaters (b) Other position of the 

in polar form same circle 


Fig. 9.39 Circle diagram for an RL series circuit 

9.38 Circle Diagram for the Approximate Equivalent Circuit of an 
Induction Motor 

The approximate equivalent circuit of an induction motor is shown in Fig. 9.40. It clearly shows that 
the circuit beyond (on the right hand side of) point ab is similar to an RL series circuit having constant 
input voltage V and reactance but the value of resistance varies depending upon the slip (or load). 



Fig. 9.40 Simplified equivalenf circuif of an inducfion mofor 


Hence, the extreme point A of the current vector Ij i.e., rotor current referred to the stator side, 
will lie on a circle with a diameter of V/X^^j (i.e., OB) as shown in Fig. 9.41, this is the rotor current 
referred to the stator side. When Ij' is lagging and = 90° then position of vector for Ij will be 
along OB i.e., at right angles to vertical axis OY. 

Ig is the no-load current which is the vector sum of and If it is assumed that exciting 
resistance and exciting reactance Xg as constant, then Ig and cos cj)^ will be constant. 

The end of current vector Ij i.e., vector sum of current /^and |^7i = 7o -t 7i j will also lie on 

another circle which is displaced from the dotted circle by an amount Ig Its diameter will be 
and parallel to X-axis. 
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Fig. 9.41 Circle diagram of an induction motor for its simplified equivalent circuit 


9.39 Construction of a Circle Diagram for an Induction Motor 


The circle diagram of an induction motor may be drawn by using the data obtained from (i) stator 
resistance test, (ii) no-load test and (in) blocked rotor test. From stator resistance test, the stator 
winding resistance per phase Rj is determined. 




From no-load test, the phase voltage V 


V, 


V V3y 


, no-load current L and no-load power input P„ 


is measured and from this data no-load power factor angle is determined. 

From blocked rotor test, the corresponding value of short circuit current at normal stator applied 

X and short circuit phase angle are determined. 

From this data, a circle diagram for an induction motor is drawn by taking the following steps: 


voltage Isjv I Isjv = 


1. Draw the voltage phasor OV along y-axis. 

2. Choose a convenient scale for current and draw a line 00' = Ig at an angle of (fig with phasor 
OV. 

3. Draw a line OX perpendicular to voltage phasor OV. Also draw a line O'X from O' parallel to 
line OX. 

4. From O draw a line OA equal to blocked rotor current corresponding to normal rated voltage, 
with the same scale used for Ig lagging behind voltage vector DV by an angle (fi^g.. Then phasor 
O'A will represent the rotor current referred to stator side i.e., I 2 '. The line O'A is known as output 
line. 

5. It is obvious that both point O' and A will lie on the circle. To determine the centre of circle C, 
divide the line O'A equally. Extend the dividing line on both sides and the point where it meets 
the line O'X' that will be the centre C of the circle (see Fig. 9.42). 

6. Taking C as centre and CO' as radius, draw a semicircle O'AB. 

1. Draw vertical lines O'P and AQ from O' and A respectively parallel to T-axis or voltage vector 
OV. 
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It may be noted that all the vertical distances represent the active or power components of current 
since they are in phase with the voltage vector OV. Accordingly, O'P represents working component 
of no-load current (i.e., O'P = 00' cos cj)^ = Ig cos = y; otherwise it represents no-load input 
which includes core losses, friction and windage losses and very small amount of stator copper loss. 
Similarly, AQ i.e., vertical component of OA is proportional to motor input on short circuit which 
includes rotor copper loss, stator copper and fixed losses i.e.,stator iron loss and mechanical loss. 

Where FQ = O'P = Stator iron loss + windage and friction loss 
AE = rotor copper loss 
EF = stator copper loss 

The rotor and stator copper losses are represented by the torque line O’E and 'E' is located as 
follows: 


(i) In case of squirrel cage machines: The stator resistance per phase Rj is determined by stator 
resistance test. Then 

Rotor copper loss = power input at short circuit -stator copper loss 


“ ^sc 3 /jc Ri 


AE 

EE 


^SC ^1 

^hcRi 


in) In case of phase- wound machines: In this case, the stator and rotor resistances per phase i.e., 
Rj and R 2 can be measured separately for any value of stator and rotor currents, say f and 7^. 


AE 

EE 


12 % 


Rs IF R 7 1 7 , 

= (Since ^ = 7f) 


7?, 


R 


R 




AE 

EE 


R 2 / 


7?, 


Rotor resistance referred to stator 
Rotor resistance 


Value of K can be determined by voltage ratio test or by using two ammeters on stator and rotor 
circuit during blocked rotor test. 
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9.40 Results Obtainable from Circle Diagram 

Let us assume that the motor is drawing a current of ampere at any load. Draw an arc with radius 
OL = Ij with O as its centre. From L, draw a line LM parallel to y-axis, as shown in Fig. 9.42 which 
intersects various lines at points N, K and J. Then JM represents fixed losses, JK as stator copper loss, 
KN as rotor copper loss, KL as rotor input, Nl as rotor output and LM as total motor input. 

Various analysis can be done by using the following relations: 


1. Motor input = 3V (LM) watt 
3. Stator Cu loss = 3V (JK) watt 
5. Total losses = 3V (NM) watt 


7. Rotor input = 3V (KL) watt 


9. Motor efficiency: 


11. Power factor = 


output 

input 


Rotor speed = Ng x\ —— 


2. Fixed losses = 3V (JM) watt 
4. Rotor Cu loss = 3V (NK) watt 
6. Mech. power developed = 3y (NL) watt 

(KL) 

8. Torque developed = 3V - - - Nm 


10. Slip: 


Rotor Output 
Rotor input 


Rotor copper loss 
Rotor input 

t ^ _ N _ NK 
N. LK 


9.41 Maximum Quantities 

The maximum quantities can be determined from the circle diagram shown in Fig. 9.43, as mentioned 
below: 



O z G X 

Fig. 9.43 Maximum quantities on a circie diagram 


1. Maximum output: From centre point C drop a perpendicular on output line O’A and extend it 
to meet the circle at R. From R draw a vertical line intersecting the output line O'A at S. Then 
maximum output is represent by RS, such that 
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Maximum output = 3 V (RS) watt. 

2. Maximum torque or rotor input'. From centre point C drop a perpendicular on torque line O'E 
and extend it to meet the circle at U. From U draw a vertical line intersecting the torque line 
OE at W. Then maximum torque is represent hy UW, such that 

TIW 

Maximum torque = 3 V( -) Nm 

0 ) 

3. Maximum input power: Draw a vertical line parallel to y-axis passing through the centre of 
circle C. It intersects the circle at D and the x-axis at Z. The point D where the tangent to the 
circle is horizontal represents the maximum input power which is proportional to DZ, such that 

Maximum power = 3y (DZ) watt. 

But the motor will he unstable here since the point D occur heyond the point of maximum torque 
U. However, maximum input indicates the ability of the motor to carry short-time over loads. Usually, 
the maximum input power is 2 to 3 times the rated power. 


9.42 Significance of Some Lines in the Circle Diagram 

Although, many lines have been drawn in the circle diagram but some of them (given below) are 
important and have special significance. 

1. Input line OX: The vertical distance between any point on the circle and this line represents 
the input power and hence called input line. 

2. Output line O'A: The vertical distance between any point on the circle and this line represents 
the output power and hence called output line. 

3. Torque line or Air-gap power line OE: Since KL represents mechanical power developed in 
the rotor i.e., air-gap power, the line OE is called torque line or air-gap power line. 

Example 9.34 

The following readings were obtained when no-load and blocked rotor tests were performed on a 
3-phase, 400 V, 14.9 kW induction motor: 

No-load test: 400 V, 1250 W, 9 A 

Blocked rotor test: 150 V, 4000 W, 38 A 

Find full-load current and power factor of the motor using circle diagram. 


Solution: 

Using the data available. 


y= ^ = 231 V 

V3 V3 


cos = 


1250 


V3 X 400 X 9 


= cos ^ 0.2004 = 78.5° lagging 


= 0.2004 lagging 


cos - 


4000 


V3 X 150x38 


= 0.405 lagging 
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Fig. 9.44 Circle diagram as per data 


Construction of Circle Diagram 

Draw a vector OV along y-axis, as shown in Fig. 9.44. 

Let the scale for current be 5 A = 1cm. 

Draw vector 00' i.e., 1^=9 A [oO’ = ^ = 1.8 cmj lagging behind the voltage vector OVhy an 
angle = 78.5°). 

101 59 

Draw vector OA i.e., 101.3A (OA = —^— = 20.26 cm ) lagging behind the voltage vector 

OF by an angle 0 (cj) =66.1°). 

Note: To adjust the figures on the page, the size of the figures are reduced. 

Draw horizontal x-axis (OX) perpendicular to OY and a line O'B parallel to x-axis. 

Draw a line O'A and its bisector which meets the line O'B at C. Draw the semicircle O'AB from 
centre C with radius CO'. 

Draw a line AQ parallel to y-axis which represents 28440 W, as calculated above from blocked 
rotor test. Measure this line which comes out to be 8.1 cm. 


28440 

Hence the scale for power is 1 cm = ——-— = 3511 W 

0.1 
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Now full-load motor output = 14.9 kW = 14900 W 
14900 W = = 4.245 cm 

For locating full-load power point on the circle, extend QA to QA such that AA' = 4.245 cm. 
From N draw a line parallel to output line OA which intersects the semicircle at L. From L drop a 
perpendicular on x-axis which meets the line OX at M. 

Line current = OL = 6 cm = 6 x 5 = 30 A (Ans.) 

Phasor OL makes an angle cj) with the voltage vector OV. 

cj) = 30° (by measurement) 

Power factor, cos (j) = cos 30° = 0.886 (lagging) {Ans) 

(Also cos ^ ^ = 0.863) 

OL 6 

Example 9.35 

The no-load and blocked rotor tests were performed on a 3-phase, 200 V, 4 kW, 50 Hz, 4 pole, star 
connected induction motor and follows results were obtained: 

No-load test: 200 V, 5 A, 350 W 

Blocked-rotor test: 100 V, 26 A, 1700 W 

Draw the circle diagram from the given data and estimate from the diagram line current and 
power factor at full load. Also estimate the maximum torque in terms of full-load torque considering 
that rotor copper loss at standstill is half the total copper loss. 


Solution: 

Using data available from no-load test; 


V= V = ^ = ^ =115.5 V;/=5A 
V3 sl3 


cos (pQ = 


350 


V3 X 200 X 5 


= cos ^0.202 = 78.34° lagging 


= 0.202 lagging; 


Using data available from blocked-rotor test. 


cos 05 C = 


1700 


V3 X 100 X 26 
Short circuit current with normal voltage 


= 0.378 lagging ; = cos '0.378 = 67.82° lagging 




SN 


^SN ■ 


y. 


^ he - 


200/V3 


sc 100 / ^/3 


X 26 = 52 A 


Power drawn with normal voltage at short circuit would be 

'200 / sl 3 


100/V3 


X 1700 = 6800 W 
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Construction of Circle Diagram 

Draw line OX and OY as horizontal (x-axis) and vertical (y-axis) axis respectively. Draw a vector OV 
along y-axis, as shown in Fig. 9.45. 



Fig. 9.45 Circle diagram as per data 


Let scale for the current be 2 A = 1 cm 

Draw vector 00' i.e., /^ = 5 A {00' = ^ = 2.5 cm) lagging behind the voltage phasor OF by an 
angle = 67.82°) 

52 

Draw phasor OA i.e., = 52 A {OA = — = 26 cm) lagging behind the voltage phasor OV by 

an angle {(j)^^ = 67.82°) 

Note: To adjust the figure on the page, the size of the figure has been reduced. 

From O' draw a line O'X' parallel to x-axis. 

Draw a line O'A and its bisector which meets the line O'X at C. Then draw a semicircle O'AB 
taking centre C and radius CO'. This line OA is called the output line. 

Draw a line AQ parallel to y-axis which represents 6800 W, as calculated above from blocked 
rotor test, represents total losses. Measure this line which comes out to be 9.8 cm. 

Hence scale for power is 1 cm = = 694 W 

9.0 

Out of total loss AQ, the portion QF represents no-load loss i.e., 350 W, whereas, the remaining 
portion AF represents total copper loss. 

Find the centre point of line AF at E since at blocked-rotor, the stator copper loss is equal to rotor 
copper loss i.e., AE = EE 

Join O' and E, the line O'E represents torque line. 

Now motor output = 4 kW = 4000 W = = 5.76 cm 
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Thus, locate the point L as follows: 

Extend line FA to A' so that A A' = 5.76 cm and from A' draw a line parallel to output line OA 
which cuts the circle at L. From L drop a perpendicular on OX which meets OX at M. Join point L 
with origin O. 

To locate point U which corresponds to maximum torque, proceed as follows: 

From centre of the circle C drop a perpendicular on torque line O'E and extend it to meet the 
circle at U. This point U can also be located by drawing a parallel line with torque line OE from A'. 

From point U draw a line parallel to y-axis which meets the torque line at W, The section UW 
represents maximum torque. 

Now in the circle diagram, OL represents full load current, 

OL = 6.72 cm = 6.72 x 2 = 13.44 A {Ans) 

Power factor at full load, cos cj) = = 0.86 lagging (Ans.) 

OL 6.72 

Maximum torque _ UW _ 10.2 _ i o 4 n 
F ull-load torque LK 5.67 ’ 

i.e.. Maximum torque = 180 of full-load torque. 


Example 9.36 

When no-load and blocked rotor tests were performed on a 3-phase, 400 V, 50 Hz, star connected 
induction motor, the following results were obtained: 

No-load test: 400 V, 8.5 A, 1100 W 

Blocked-rotor test: 180 V, 45 A, 5700 W 

Draw the circle diagram and estimate the line current and power factor of the motor when 
operating at 4% slip. The stator resistance per phase is measured as 0.5 ohm. 


Solution: 

From no-load test; 


Phase voltage, V = ^ = ^ = 231 V; 4 = 8.5 A 

■v3 V3 


cos (b = 

' o 

From blocked-rotor test: 

cos = 


1100 


V3 X 400 X 8.5 


= 0.187 lagging; = cos 


-1 


5700 


Vs X 180 X 45 
Short circuit current at rated voltage, 

V, 


= 0.4063 lagging; 0^^ = cos 


T - 1SN_ r _ 


^ 400 / Vs ^ 
180/V3 


X 45 =100 A 


Short-circuit power input at normal voltage would be 


SN ■ 


400/V3 
180/V3 


0.187 = 79.2° lagging 

0.4063 = 66 ° lagging 


X 5700 = 28150 W 
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Construction of circle diagram 

Draw horizontal and vertical axis OX and OY respectively, as shown in Fig. 9.46. 
Draw a phasor OV along y-axis. 

Let scale for the current be lOA = 1cm 



Fig. 9.46 Circle diagram 


O C 

Draw 00' i.e., 1^ = 8.5A (00' = ^ = 0.85cm) lagging behind the phasor DVby an angle of ^g(^o 
= 79.2°). 

Draw phasor OA i.e., = 100 A (OA = =10cm) lagging behind the phasor OV by an angle 

’t’SN ^’t’sN ~ 

From O' draw a line O'X' parallel to x- axis. 

Draw a line O'A and its bisector which meets the line O'X at C. taking C as centre draw a semicircle 
O'AB having radius CO', this line O'A is called output line. 

Draw a line AQ parallel to y-axis which represents total losses at short circuit with normal voltage 

i.e., = 28150 W. Measure this line which comes out to be 4.05 cm. 

Flence, scale for power is 1 cm = = 6950 W 

^ 4.05 

Stator copper loss on short circuit = 3/^^^ Pj = 3 X (100)^ X 0.5 = 15000 W 


EF = 


15000 

6950 


= 2.16 cm 
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Using this ratio (i.e. ^ i. = 251 locate point L on the circle by hit and trial method. 

^ \ NK 0.04 j ^ ^ 

Thus, line current, = OL = 2.42 cm = 10 X 2.42 = 24.2 A (Ans.) 

Power factor, cos (j) = = 0.866 lagging (Ans.) 


Example 9.37 

With the help of a circle diagram determine (i) starting torque, (ii) maximum torque, (Hi) maximum 
output (iv) slip for maximum torque and (v) maximum output 

For a 200 V, 50 FIz, 3-phase, 7.46 kW, slip ring induction motor with a star-connected stator and 
rotor. The winding ratio of the motor is unity, whereas the stator and rotor resistance per phase is 
0.38 and 0.24 ohm respectively. The following are the test results: 

No-load test: 200 V, 7.7 A, 874 W 

Blocked-rotor test: 100 V, 39.36 A, 3743 W 


Solution: 


From no-load test: V = —f= = = 115.5 V; T = 7.7A 


cos (j)^ 

From blocked-rotor test: 


874 


cos - 


V3 X 200 X 0.77 


3743 


V3 X 100 X 39.36 
Short circuit current with normal voltage 


= 0.327 ; = cos”^ 0.327 = 78.75° lagging 


= 0.549; 0cr = cos ‘ 0.549 = 63° lagging 




I - lSN_x I - 
^SN- V SC - 
^SC 


200 / V3 


vlOO/V3y 

Power drawn with normal voltage at short circuit would be 


X 39.36 = 78.72 A 


P 


SN ~ 


' 200 /^ 3 ? 

vlOO/V3, 


X 3743 = 14972 W 


Let scale for the current be 5 A = 1 cm. 


Construct the circle diagram as usual, as shown in Fig. 9.47. 

Here, no-load current, I = 7.7 A; 

’ ’o’ 

00' = = 1.54 cm lagging behind OF by 78.75° 

Phasor OA = _ J 5 74 lagging behind phasor OVhy 63°. 

The vertical line AQ measures the power input on short circuit with normal voltage i.e.,14972 W 
and its measurement is 8.7 cm. 
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Power scale is 1 cm = ^ ^ = 1721 W 

Total copper loss, AF = 14972 - 874 = 14098 = 8.2 cm 

Ratio of rotor copper loss and total copper loss i.e., 

AE _ Rotor resistance _ 0.24 

AF Rotor + stator resistance 0.24 + 0.38 

Or A£= 8.2 = 3.18 cm 

0.62 

(i) Starting torque = AE = 3.18x1721 = 5473 synch, watt (Ans.) 

iii) From centre C draw a perpendicular to torque line OE and extent it to meet the circle at U. from 
U draw a line parallel to y-axis which meets OE at W, then UW represents maximum torque. 
UW = 7.15 cm = 7.15 xl721 = 12305 synch.watt (Ans.) 

(iii) For maximum power output, drop a perpendicular on output line OA from centre C and extend 
it to meet the circle at R. Draw a line from R parallel to y-axis which meets the line OA at J. 
Then RJ represents maximum power output. 

Maximum power output, = RJ = 5.9 cm = 5.9x1721 = 10154 W (Ans.) 

(iv) The slip for the maximum torque = “ 0.195 

(v) For maximum power factor, draw a tangent on circle from O which touches the circle at P. 
Then maximum power factor = cos Z POV = cos 28.5° = 0.879 lagging (Ans.) 


Section Practice Problems 


Numerical Problems 

1. Determine stator current, stator power factor, torque developed and efficiency of a 400 V, 50 Hz, 4-pole, 
3-phase, star connected induction motor having the following data. Stator impedance per phase (0.07+/0.3) 



794 


Electrical Machines 


ohm, rotor impedance per phase referred to stator side (0.08+y0.3) ohm, magnetising reactance and 
resistance per phase 10 ohm and 50 ohm respectiveiy. The machine is operating at a siip of 4%. 

(Ans. 119.7A, 0.89 lagging, 437.35Nm, 89.4%) 

2. When no-ioad and biocked rotor tests were performed on a 400 V, 3-phase deita-connected induction 
motor and the foiiowing resuits were obtained: 

No-ioad test: 400 V; 3.0 A; 645 W 

Biocked-rotortest: 200 V; 12.0 A; 1660 W 

Determine energy (or working) component and magnetising component of no-ioad current, no-ioad power 
factor, exciting resistance and reactance per phase referred to stator (primary) side assuming that friction 
and winding iosses are 183 W. 

Aiso determine equivaient resistance and reactance of the motor referred to stator side as weii as current 
and power factor on short circuit with normai rated voitage of 400 V assuming that the stator winding 
resistance per phase is 5 ohm. 

(Ans. 0.3464 A, 2.94 A, 0.2 lagging, 1155 ohm, 236 ohm, 11.53 ohm, 

26.5 ohm, 24 A, 0.4 lagging) 

3. Draw the circie diagram and determine the iine current and power factor at rated output and maximum 

torque deveioped for a 415 V, 29.84 kW, 50 Hz deita connected motor. The foiiowing test data is avaiiabie: 
No-ioad test: 415 V; 21 A; 1250 W 

Biocked-rotor test: 100 V; 45 A; 2730 W 

Assume that stator copper iosses are equai to rotor copper iosses at standstiii. 

(Ans. 104A, 0.819 lagging, 51980 synch.watt) 

Short AnsweQype Questions 

Q.1. What are constant and variable losses in an induction motor? 

Ans. The iosses which remain constant from no-ioad to fuii-ioad are caiied constant iosses. The iosses 
which vary with the ioad are caiied variabie iosses. 

Q.2. Which tests are performed to determine parameters of an induction motor? 

Ans. Stator resistance test, no-ioad test and biocked-rotor test. 

Q.3. Draw simplified equivalent circuit of a 3-phase induction motor referred to stator side. 



Fig. Q.3 


Q.4. List out the tests necessary to perform on a 3-phase induction motor to draw its circle diagram. 
Ans. No-load and biocked-rotortest. 
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9.43 Effect of Space Harmonies 

While discussing the performance of an induction motor, so far, it is assumed that the flux in the 
air-gap is distributed sinusoidally which produces a revolving field which rotates at synchronous 
speed in space. But in actual practice, it is not so. Either line harmonics or space harmonics are 
there to affect the torque. 

These harmonics may have components that rotate at speeds other than that correspond to the 
fundamental frequency. 

The time harmonic voltages are usually small in comparison to fundamental voltages, moreover 
the motor reactance to the time harmonics is high and consequently the torques developed by these 
harmonies are very small. Thus, the performance of an induction motor is not much affected by 
time harmonics. 

However, the space harmonic fields are developed by the windings, slotting, magnetic saturation 
and irregularity in air-gap length. These harmonic fields induce emfs which circulate harmonic 
currents in the rotor windings. These harmonic currents interact with the harmonic fields and develop 
harmonic torques which produce vibrations and noise. 

With certain relationship between the number of pole, stator and rotor slots in cage motors peculiar 
behaviour may be observed when the motor is started. 

9.43.1 Cogging in Three-phase Induction Motors 

In an induction motor, the magnetic circuit is completed through stator and rotor. It is the tendency 
of a magnetic circuit to align itself in a position of minimum reluctance. Thus, if the number of stator 
slots is equal to the number of rotor slots, there exists a position of minimum reluctance when the 
teeth of rotor and stator are aligned opposite to each other. The radial alignment forces become very 
strong when the machine is at rest and rotor and stator teeth are aligned. These forces may exceed 
the tangential forces of acceleration thereby preventing the motor from starting. 

Thus, the phenomenon by which the radial alignment forces exceed the tangential accelerating 
forces and the machine (induction motor) refuses to start is called cogging. 

Due to cogging, the rotor of induction motor is locked which may overheat the motor winding. 
To avoid cogging the number of rotor slots are never made equal to the number of stator slots. 
Moreover, the rotor is always skewed for smooth running of the rotor. 

9.43.2 Crawling in Three-phase Induction Motors 

In a three-phase induction motor, the fundamental frequency produces the synchronous torque due 
to which rotor starts rotating at its rated speed. However, in the induction motors, harmonics are 
developed out of which 5th and 7th harmonics are more important. These harmonics generate rotor 
emfs, currents and torques of the same general torque/speed shape as that of the fundamental but with 
synchronous speeds l/5th (backward) and l/7th (forward) of the fundamental synchronous speed. 

The 7th harmonic torque reaches its maximum value just before l/7th of synchronous speed, but 
beyond this speed the 7th harmonic torque becomes negative since the slip in the harmonic field is 
negative. The resultant torque-speed curve combined with 7th harmonic and fundamental frequency 
is shown in Fig. 9.48. Torque due to harmonic flux causes dip in the torque-speed characteristics. 
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-► Speed (N) 

< - Slip{S) 

Fig. 9.48 Effect of harmonics on starting torque of an induction motor 

When dip in the torque occur due to 7th harmonic and is insufficient to pick the load, the motor 
can not accelerate to its full speed but starts crawling at the speed corresponding to point ‘a ’. 

Thus, when a 3-phase induction motor continues to rotor at a speed little lower than the l/7th 
synchronous speed, it is said to be crawling. 

Such operation of a motor is unstable, a momentary reduction in load may permit the motor to 
accelerate to the rated speed. In fact, the crawling effect can be eliminated by proper choice of coil 
pitch and distribution of coils while designing the winding. This reduces the harmonic flux in the 
air gap to very low value. 


9.44 Performance Curves of Induction Motors 

The behaviour of an induction motor at different loads is different. The graphical representation of 
various quantities of an induction motor with respect to its output represents its performance curve. 

1. Speed-output characteristics: The speed-output (or slip-output) characteristics of a 3-phase 
induction motor are shown in Fig. 9.49. It shows that the speed of the motor decreases slightly 
from no-load to full-load but slip increases. Hence, it is almost a constant speed motor, similar 
to a DC shunt motor. 

2. Power factor characteristics: The power factor-output characteristics of a 3-phase induction 
motor are shown in Fig. 9.49. At no-load, motor draws magnetising current which is very 
large component due to high reluctance of the air-gap and no-load current lags behind the 
voltage by a large angle and thus power factor of the motor is very low at no-load. As the load 
increases, motor draws more current from the supply to meet with the load and the percentage 
of magnetising current component decreases with respect to the total load current drawn by the 
motor and thus power factor improves and goes on improving with the load, as shown in Fig. 
9.49. 
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0 10 20 30 40 50 60 70 80 90 100 110 120 
-Percentage output-► 


Fig. 9.49 Performance Curves of a 3-phase, 50 Hz squirrel cage motor 

3. Efficiency characteristics: The efficiency-output characteristics of a 3-phase induction motor 
are shown in Fig. 9.50. 



0 10 20 30 40 50 60 70 80 90 100 110 120 
-Percentage output-► 


Fig. 9.50 Performance Curves of a 3-phase, 50 Hz squirrel cage motor 
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Under operating conditions, at any load, there are certain fixed losses (such as iron losses and 
mechanical loss) and variable losses i.e., stator and copper losses which vary as square of the 
load. At light loads, fixed losses are more in comparison to variable losses whereas, at heavy 
loads (near to full load) variable losses are more in comparison to fixed losses. But at certain load 
fixed losses are equal to variable loss. At this load the efficiency of the machine is maximum. 
Thus, at light loads efficiency in low but increases rapidly in the earlier stages becomes maximum 
and then again decreases as shown in Fig. 9.50. 

4. Stator current characteristics: The stator current-output characteristics of a 3-phase induction 
motor are shown in Fig. 9.20. At no-load, motor drawn current to meet with the losses and to 
set-up magnetic field in the core and air-gap which is nearly 20 to 30% of full-load which may 
be more for small motors. When load on an induction motor increases, slip decreases and motor 
drawn extra current from the mains. Because of high value of magnetising current this curve 
is not a straight line curve. 


9.45 Factors Governing Performance of Induction Motors 

The performance or characteristics of an induction motor are governed by its 

(i) Rotor resistance, {ii) air-gap length {Hi) shape of stator and rotor slots and teeth. 

(i) Rotor resistance: Smaller value of rotor resistance improves the efficiency of the motor but the 
starting torque becomes very poor. To improve the starting torque rotor resistance cannot be 
increased in squirrel cage rotors. Hence these motors have poor starting torque. But in case of 
slip ring induction motors, an external resistance is added at the start to improve the starting 
torque. 

(ii) Air-gap length: Larger the air-gap, larger will be the magnetising current and poor will be the 
power factor of the motor. Therefore, efforts are made to reduce the air-gap between stator 
and rotor, but mechanical difficulties may not allow us to reduce the air-gap to large extent. 
Moreover, very small air-gap may increase the noise and reduces the over-load capacity of the 
motor. 

(Hi) Shape of stator and rotor slots and teeth: The shapes of the rotor teeth and slots affect the rotor 
reactance which in turn affects the starting current and maximum torque developed by the motor. 
For deep and narrow slots rotor reactance is high, consequently the maximum torque developed 
by the motor will be low. Therefore, semi-closed slots cut near the periphery are preferred. 


9.46 High Starting Torque Cage Motors 

Three-phase squirrel-cage induction motors are invariably used in the industrial applications 
because of their valuable characteristics such as robustness, simple and low cost of construction, low 
maintenance and high efficiency. However, these motors suffer from the drawback of poor starting 
torque. Starting torque of an induction motor can be increased by increasing the rotor resistance at the 
start which is possible in case of slip-ring induction motors. The rotor resistance of the squirrel cage 
induction motor is fixed since their cages are short circuited. If their rotor resistance is increased by 
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designing their rotor circuit, then their efficiency would become very poor under running conditions. 
However, two types of rotors i.e., deep bar rotors and double cage rotors with short circuited cages 
are suggested to improve the starting torque without affecting the efficiency of the motor. 

9.46.1 Deep Bar Cage Rotor Motors 

A deep bar cage rotor is a rotor which carries deep bar conductors i.e.,its bar conductors are 20 to 
25 mm high with a depth to width ratio of 10:1 or 12:1, as shown in Fig. 9.51 (a). 

In deep bar cage rotor motors, skin effect is dominating factor to increase the rotor resistance 
at the start to obtain higher starting torque. Let us see how this skin effect occurs in deep bar cage 
rotor motors. 




(a) Distribution of magnetic fiux (b) Distribution of current over the cross- 
around a deep bar conductors sectionai area of a deep bar conductor 

Fig. 9.51 Magnetic flux and current distribution in a deep bar cage rotor conductors 


Consider a slot and conductor of a deep bar rotor. At the start, the rotor current frequency in equal 
to supply frequency. The flux will be set-up around the rotor conductions as shown in Fig. 9.51 (a), 
the concentration of magnetic field is more in the lower part than the upper. 

Therefore, more emf is induced in the lower part of the bar conductor than the upper part. This 
result is more current to flow in the upper part than the lower. The current density in the conductor 
is depicted as shown in Fig. 9.51 (b). This effect is called skin effect. The non-uniform current 
distribution causes greater ohmic loss. Thus, the apposition offered by conductor increases at the 
start. The AC resistance is substantially high As a result, the starting torque increases 

and the starting current decreases. 

Once motor picks up speed, the frequency of rotor currents decreases to the values corresponding 
to steady state operating conditions. The skin effect gradually diminishes and current is distributed 
uniformly over the area of cross-section of the conductor as shown by the dotted line -2, in Fig. 
9.51 (b). Thus, the resistance of the rotor gradually decreases and becomes normal under operating 
conditions. 
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Thus, in these motors, high starting torque with lesser starting current is obtained without losing 
the efficiency of the motor. However, in this case the rotor reactance will be high as compared to 
the normal cage motor because of more leakage flux. Hence, the maximum torque obtained by these 
motors will be smaller. It reduces the over-load capacity, of the motor. Moreover, the power factor 
of these motors is also reduced. 



Fig. 9.52 Squirrel cag rotor with sectional fan and short-circuiting rings 

The cut-away view of a deep-bar rotor is shown in Fig. 9.52. For comparison, the torque-speed 
characteristics of squirrel cage induction motor with normal bar rotor, high resistance-bar rotor and 
deep-bar rotor are shown in Fig. 9.53. 


For high rotor 
resistance 



For low rotor 
resistance 

For deep 
bar rotor 


Fig. 9.53 Torque-speed characteristics of low- resistance and beep-bar rotor motor 


9.46.2 Double Cage Induction Motor 

The rotor design of a double squirrel cage induction motor is somewhat expensive than deep-bar rotor 
design but it provides better starting and running characteristics. The rotor of this motor is so designed 
that it provides a high starting torque (200 to250 percent) with a low starting current (restricting to 
400 to 600 percent of full-load value). The major advantage of this design is that a high resistance 
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rotor circuit comes into action during starting and a low resistance rotor circuit during running which 
improves the efficiency of motor during normal running conditions. 

Construction 

A double cage induction motor consists of a rotor which has two independent cages one above the 
other in the same slot. A double cage rotor is shown in Fig. 9.54. The upper slot conductors form the 
outer cage and the lower slot conductors form the inner cage. The outer cage consists of bars of high 
resistance (resistance of outer cage in nearly 5 to 6 times the resistance of inner cage), generally bars 
of brass alloy of smaller area of cross-section, are employed. The inner cage consists of bars of low 
resistance, generally bars of copper metal of larger area of cross section, are employed. Since the 
inner cage is embedded deep in the iron, it has relatively more leakage flux as shown in Fig. 9.55 
and has high reactance. 

Thus, the outer cage has high resistance and low reactance whereas, the inner cage has low 
resistance and high reactance. A slit is provided between upper and lower slot so that it offers high 
reluctance for the stator field. Thus the stator field instead of linking with only outer cage, links both 
the cages simultaneously. 


Outer cage 
(brass conductors) 




Fig. 9.54 Double-cage rotor conductors 


Fig. 9.55 Rotor flux distribution 


Operation 

To study the operation of a double-cage induction motor, the following points must be kept in mind: 

1. Since the maximum torque produced by each cage is independent of their resistance but is 
inversely proportional to their stand still reactance. Therefore, the value of the maximum torque 
developed by the inner cage is more than the outer cage as shown in Fig. 9.56. 

2. At start, the rotor current frequency is equal to the supply frequency, therefore, the reactances 
(271/L) of the two cages are high as compared to their resistances. The divisions of the rotor 
current between the cages is determined by their relative impedance (reactance). Therefore, at 
start, comparatively a small current flows through inner cage bars while a large current flows 
through the outer cage in spite of its high resistance. 

Thus, at start the torque is mainly produced by the outer cage as shown in Fig. 9.56. 
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3. As the motor picks up speed, the rotor current frequency decreases and is very low at rated 
speed. Under this condition the reactance of the two cages are very low as compared to their 
resistances. Therefore, the division of the rotor current between the cages is determined by their 
relative resistance and most of the current flows through the inner cage while a small current 
flows through the outer cage. 

Thus, under normal running condition, the torque is mainly produced by the inner cage as 
shown in Fig. 9.56. 

The torque-speed curves of outer and inner cages as well as double cage induction motor are 
shown in Fig. 9.56 separately. 



0.2 N 3 0.4 N 3 0.6 N 3 0.8 N 3 1.0 N 3 


- Speed, N -► 

Fig. 9.56 Torque-speed curves 

Equivalent Circuit 

The equivalent circuit for one phase of a double squirrel cage induction motor referred to stator side 
is shown in Fig. 9.57. The impedances of the two cages are shown parallel to each other since both 
of them are linking with the same field produced by the stator. 


h' Rr 



Fig. 9.57 Equivalent circuit of double squirrel cage induction motor referred to stator side with 
magnetic circuit 
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Here, 


Rj = Stator resistance; Xj= Stator reactance; 

Rq = Exciting resistance; Xg= Exciting reactance; 

= Rotor circuit resistance of outer cage referred to stator under running condition. 

^20 _ ^20 
S xS 

X '20 = Rotor circuit reactance of outer cage referred to stator under running condition. 

yf _ ^20 

20 ^2 


R 


S 

K 

S 


X’ 


Rotor circuit resistance of inner cage referred to stator under running conditions. 
K^xS 

Rotor circuit reactance of inner cage referred to stator under running conditions. 


Z'.,. = 




A simplified equivalent circuit neglecting the magnetising circuit is shown in Eig. 9.58. 



Fig. 6.58 Simplified equivalent circuit of double squirrel cage induction motor 


Example 9.38 

The standstill impedances per phase of the inner cage and outer cage of a 3-phase, 400 V, 50 Hz, double 
squirrel cage induction motor referred to stator side are given as; 

Zii = (0.6 + j5) Z2<, = (3 + jl) £1 

Determine the ratio of the currents and torques of the two cages (i) at stand-still (ii) at a slip of 
4%. Neglect magnetising current. 

Solution: 

The simplified equivalent circuit of the motor as per data is shown in Fig. 9.59. 
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Fig. 9.59 Equivalent circuit 



(») At a slip of 4%; 


Slip, 5 = 0.04 
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Impedance of inner-cage referred to stator side; 




-t-(5f = 15.81 


Current, 


Power input, 


r E, E, 

D- _ ri' ^2 Eli _r ^1 ^ s. 0.6 




Impedance of outer-cage referred to stator side; 


Current, 


Power input to outer-cage. 


+ . 


^ 20 =^ = ^ ampere 


,/ ^2 ^ _ r ^1 


-I- (ir = 15 0 . 


^'2.= (/Lrx^= ^ X ^ = 0.01333 12, 


Ratio of outer to inner-cage current. 


^ =0.2108 (An^) 

hi -^1 


Ratio of outer to inner-cage torques or power 

^ _ Pj, 0.01333 

Tii P2i 0.06 


= 0.222 (Ans) 


Conclusion: During starting major part of the power is developed by the outer-cage but during 
running condition major power is developed by the inner-cage. 

Example 9.39 

The standstill impedances per phase of the inner and outer cage of a double cage induction motor 
is given below: 

= (0.5 +j2) O- = (2 +70.5) Q 

Determine the slip at which the two cages develop equal torques. 

Solution: 

Let S be the slip at which the two cages develop equal torques. 


During running condition. 


Z„ = r +(2)" andZ, 4 +(0.5) 
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Fig. 9.60 Equivalent circuit as per data 
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Considering voltage as a reference phasor, = 110 ± jO = 110 Z0° 

Zii = (0.06 + 70.5) a-, Zio = (0.6 + 7 O.I 2 ) Q. 

At standstill Zn = (0.06 + jO.5) = yjiOMf + (0.5)Vtan“' ^ = 0.5036Z92.4° 

Z 20 = ( 0.6 + 7 O.I 2 ) = V( 0 . 6 )^ + ( 0 . 12 )^Ztan-^ ^ = 0.612Z12.57° 

Zii + Z 20 = (0.06 + 0.6 + jO.5 + 7 O.I 2 ) = ( 0.66 + jO.62) = 0.906Z48° 
Total impedance of the two cages 

- _ Z2iZ2o _ (0.5036 Z 92.4°) (0.612 Z 12.57°) 

" “ (Z2i +Z2o )~ (0.906 Z 48°) 

= 0.34 Z 56.97° = (0.34 cos 56.97° + j 0.34 sin 56.93°) 

= (0.2127 +j 0.2652)ohm 

Rotor current at standstill 

72 ^ = = — 110 ZO -= 323 5 z H 56 97° 

Z 2 0.34 Z 56.97° ^ ^ 

Synchronising power or torque developed per phase in the rotor at start 

= I^ 2 S ^ 2 S = (323.5)^ X0.2127= 22260 syn. watt (Ans) 

At a slip of 4% Z 2 i = + 70 . 5 j = (1.5 + 7 O. 5 ) = 1.58 Z20.48° 

Z 2 « = (III + 70 . 12 ] = (15 + 70.12) = 15 Z0.5° 

Z 2 i + Z 20 = (1.5 + 7 O .5 + 15 + 7 O.I 2 ) = (16.5 + 70 . 62 ) = 16.51 Z2.39° 
Total impedance of the two cages 

- Z2,Z2o (1.58 Z 20.48°) (15 Z 0.5°) ,,,, 

' (Z,, +Z,,) “ 16.51 Z 2.39- ' ^ 

= 1.435 (cos 18.59° + 7 sin 18.59°) = (1.374 = 7 0.413) ohm 

Rotor current during running 

7 .^ SE2s 0.04x110 Z0° ^ 

1.435 Z18.59 - 3-07 Z-18.59 

Synchronous power or torque developed per phase in the rotor, 

T = 1^ R 2 = (3.07)^ xl.374= 12.95 syn. watt (Ans) 


9.47 Motor Enclosures 


Various types of enclosure of the motor have been designed to protect the windings, bearings, and 
other mechanical parts from moisture, chemicals, mechanical damage and abrasion from grit. 
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NEMA (National Electrical Manufacturers Association) has suggested 7 Most Common Motor 
Enclosure. These types are defined by NEMA Standards. 

Under the categories of open machines, totally enclosed machines and with sealed windings, more 
than 20 types of enclosures have been defined in NEMA standards MGl-1.25 to 1.27. Out of which 

the 7 most common types of enclosures are: 

1. Open Drip Proof (ODP) Enclosure 

An open Drip Proof (ODP) enclosure for a premium efficient super-E motor is shown in Eig. 9.61. 
This enclosure prevents the liquid drops to enter the motor when they fall with 15 degree angle from 
the vertical but it allows air to circulate through the internal winding for cooling. These enclosures 
are typically used for indoor applications in relatively clean, dry locations. 



Fig. 9.61 Open Drip Proof (ODP) Enclosure 



Fig. 9.62 Totally Enclosed Fan Cooled 
(TEFC) Enclosure 


2. Totally Enclosed Fan Cooled (TEFC) Enclosure 

The NEMA Premium Efficiency - Three Phase TEFC Enclosure Motor is shown in Fig. 9.62. 

This enclosure prevents the free exchange of air between the inside and outside of the frame, 
but the frame is not made completely air-tight. To increase the cooling efficiency, a fan is attached 
to the motor shaft which circulates the air during operation. Ribs or fins are attached on the frame 
to increase the surface area which further improves cooling. These enclosures are more versatile 
and are used with motors for pumps, fans, compressors, general industrial belt drive and direct 
connected equipment. 

3. Totally Enclosed Non-Ventllated (TENV) Enclosure 

Al/2 HP, 3-Phase, 1140 RPM Motor with Totally Enclosed Non-Ventilated (TENV) Enclosure is shown 
in Fig. 9.63. It is almost similar to a TEFC enclosure but in these enclosures, fan is not employed and 
heat is dissipated only by convection. It is a tightly enclosed enclosure hence prevents free exchange 
of air. Although, no vent is provided in the enclosure but it is not air-tight 
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These are suitable for uses which are exposed to dirt or dampness, but not very moist or hazardous 
(explosive) locations. 




Fig. 9.63 Totally enclosed non-ventilated (TENV) Fig. 9.64 US Totally enclosed air over (TEAO) 
enclosure 1/2 HP, 3-Phase, 1140 PPM Motor enclosure. 1/3 Hp, 1800 rpm, 24 VDC 


4. Totally Enclosed Air Over (TEAO) Enclosure 

Al/3 HP, 24 V DC, 1800 RPM Motor with Totally Enclosed Air Over (TEAO) Enclosure is shown 
in Fig. 9.64. 

Dust-tight fan and blower duty motors designed for shaft mounted fans or belt driven fans. The 
motor must be mounted within the airflow of the fan. 


5. Totally Enclosed Wash Down (TEWD) Enclosure 

A Motor with Totally Enclosed Wash Down (TEAO) Enclosure is shown in Fig. 9.65. 

The Washdown Duty Motors are used for food processing, packaging, pharmaceuticals, or in the 
applications where motors are regularly exposed to high pressure washdown. While designing these 
enclosures one must take care of high wash-down pressure, humidity and wet environment. Various 
enclosures have been designed for such (wet) conditions. 



Fig. 9.65 Totally Enclosed Wash down (TEWD) Fig. 9.66 Explosion-proof enclosures (EXPL) 
motor motor 
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6. Explosion-proof Enclosures (EXPL) 

A Motor with Explosion-proof enclosures (EXPL) is shown in Fig. 9.66. 

The Explosion-proof enclosure (EXPL) motors are used in chemical plants, the oil industry, in gas 
works, wood and plastic processing industry or in agriculture. Where there is hazardous environment, 
the enclosure of explosion proof motors is designed in such a way that it can withstand heavy pressures 
built inside the motor. However, if pressure is built-up more than the designed value that must be 
released through the safety valve and switch off the supply simultaneously. 

These motors are designed for specific hazardous purposes, such as atmospheres containing 
gases or hazardous dusts. For safe operation, the maximum motor operating temperature must be 
kept below the ignition temperature of surrounding gases or vapours. 

Explosion proof motors are designed, manufactured and tested for particular requirements. 

7. Hazardous Location (HAZ) Enclosures 

3-Phase, 5 HP Motor with Hazardous Location (HAZ) Enclosure is shown in Fig. 9.67. It meets with 
the requirements of National Electrical Code for Hazardous Locations. 



Fig. 9.67 Explosion-proof enclosures (EXPL) motor 

These motors are used to operate Power Fans, Blowers, Pumps or Air Compressors in the hazardous 
locations. 

While selecting the enclosure and motor, the environment of the location is determined and 
accordingly the specific material is used for the enclosure so that the enclosure’s strength may not 
deteriorate. 

The format used to define this information is a class, group, division and temperature code structure 
as defined by the National Electric Code (NFPA-70). 


9.48 Standard Types of Squirrel Cage Motor 

With the slight variation in design as per the need, the squirrel cage induction motors have been 
standardised. According to their electric characteristics and design, these are designated as design 
A, B, C, D, E and F. 
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The commercial simple squirrel-cage induction motor with shallow slots are designated as class 
A. These motors are considered to have normal slip and hence used as reference. 

9.48.1 Class A Motors 

Normal starting torque, normal starting current, normal slip. 

Characteristics 

• Have relatively normal (low) resistance and normal (low) reactance 

• Rotor slots are semi-closed cut near the periphery to have small reactance. 

• At rated voltage, the locked rotor current is generally more than 6 times the rated full-load current. 

• For the machines having smaller sizes and number of poles, at rated voltage, the starting torque 
is twice the full-load torque 

• For the machines having larger sizes and number of poles, at rated voltage, the starting torque 
is 1.1 times the full-load torque. 

• Full-load slip is less than 5%. 

Applications 

These motors can pick-up low inertia loads very quickly and can be started and stopped frequently 
therefore, these are generally used for fans, pumps and conveyors etc. 

9.48.2 Class B Motors 

Normal starting torque, normal starting current, normal slip. 

Characteristics 

• Have deep and narrow bars (see Fig. 9.62) therefore offer high reactance at start. 

• Can be started at full-load. Then it draws relatively low starting current but develops normal 
starting torque. 

• Generally, locked-rotor current draws 5 to 6 times the full-load current at rated voltage.. 

• Full-load slip is less than 6%. 

Applications 

These motors can pick-up almost full-load while developing normal starting torque with relatively low 
starting current and best suited for compressors, heavy fans having high, machine tool applications 
centrifugal pumps etc. 


9.48.3 Class C Motors 

High starting torque, low starting current, normal slip. 
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Characteristics 

• Have two separate cages and are called double squirrel-cage motors (see Fig. 9.63). 

• Locked-rotor current with rated voltage is generally 5 to 6 times the full-load current as in 
case of class-B motors. 

• Starting torque with rated voltage is usually 2.75 times the full-load torque. 

• Full-load slip is normal less than 6%. 

Appiications 

These motors develop high torque at start nearly 2.75 times the full-load torque with low starting 
current at rated voltage. Therefore, these are best suited to pick heavy loads at start and are generally 
used for crushers, compression pumps, large refrigerators, conveyors, textile industry, boring mills 
and wood working equipment. 

9.48.4 Class D Motors 

High starting torque, low starting current, high slip 

Characteristics 

• Have relatively high resistance to obtain high starting torque with low starting current. 

• The bar conductors of the cage have relatively smaller area of cross-section to obtain high 
resistance. These conductors are located very near the periphery to have low leakage reactance. 

• Locked-rotor current with rated voltage is generally 5 to 6 times the full-load current similar 
to class-C. 

• Full-load slip varies from 5 to 20%, depending upon the application. 

Appiications 

These motor have the ability to develop extremely high torque at start, therefore, these are best suited 
for shearing machines, pinching processes, stamping machines, bulldozers, laundry equipment and 
metal drawing equipment. 

9.48.5 Class E Motors 

Low starting torque, low starting current, low slip 

Characteristics 

• Have relatively very low resistance accordingly have low starting torque and low reactance. 

• Locked-rotor current with normal rated voltage is generally 8 to 10 times the rated full-load 
current, for larger sizes it may be more than this even. 

• Their power factor and efficiency is relatively high. 
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Applications 

These motor have low resistance and operate at higher power factor and efficiency, therefore, best 
suited for continuous running such as exhaust fans. 

9.48.6 Class F Motors 

Low starting torque, low starting current, normal slip 

Characteristics 

• Have relatively low resistance and to reduce the starting current, rotor reactance is made 
very high by embedding the rotor bar conductors deep in the slots for increasing the leakage 
flux. 

• Locked-rotor current with rated voltage is generally 5-6 times the rated full-load current. 

• The starting torque with full voltage is only 1.25 times the full-load torque. 

• Full-load slip less than 6% depending upon the load. 


9.49 Advantages and Disadvantages of Induction Motors 

9.49.1 Squirrel Cage Induction Motors 

Advantages 

1. Cost of construction is low comparatively. 

2. These motors are rugged in construction and mechanically robust. 

3. Copper losses in cage rotor are low hence, their efficiency in high. 

4. There is no overhang of rotor winding hence, their length is smaller. 

5. Slip-rungs and brushes are not used, therefore, their maintenance cost is low and there is no 
risk of sparking. 

6 . These can be cooled down comfortably by using large fans on the sides since more space is 
available. 

7. These motors have almost constant speed, high over-load capacity and starting arrangement. 

Disadvantages 

1. These motors have low starting torque (1.5 to 2 times the full-load torque) with large starting 
current (5 to 9 times the full-load current). Their power factor is also low. 

2. Speed cannot be controlled comfortably. 

3. These motor are very sensitive to supply voltage fluctuations. 

4. During starting, there is more energy loss in comparison to slip-ring induction motors. 
Therefore these motors are not used where frequent starting is required. 
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9.49.2 Slip-ring Induction Motors 
Advantages 

1. In these motors, external resistance can be added in the rotor circuit at start. Hence heavy 
starting torque at low starting current can be obtained. The maximum torque can be 
obtained at the start by making rotor resistance equal to standstill rotor reactance (i.e., 

2. Speed of the motor can be controlled or adjusted as per need by simply inserting external 
resistance in the rotor circuit. 

Disadvantages 

1 . Cost of construction is high comparatively. 

2. Rotor copper losses are more in these motors and hence the efficiency is low in comparison 
to squirrel cage induction motors. 

3. The size of these motors is larger due to overhang or rotor winding and slip-rings. 

4. Repair and maintenance charges of these motors are more because of slip-rings and brushes. 

5. Because of overhang of rotor winding and slip-rings larges fans cannot be accommodated 
which affects its cooling. 


9.50 Applications of Three-phase Induction Motors 

The applications of squirrel cage induction motors and slip-ring (phase wound) induction motors 
are given below: 

1. Squirrel cage induction motors: These motors are mechanically robust and are operated 
almost at constant speed. These motors operate at high power factor and have high over load 
capacity. However, these motors have low starting torque, (i.e., these motors cannot pick-up 
heavy loads) and draw heavy current at start. On the bases of these characteristics, these motors 
are best suited for: 

(i) Printing machinery (ii) Flour mills 

(Hi) Saw mills (iv) Shaft drives of small industries 

(v) Pumps (vi) Prime-movers with small generators etc. 

2. Slip-ring (or phase-wound) induction motors: These motors have all the important 
characteristics (advantage) of squirrel cage induction motors and at the same time have the 
ability to pick-up heavy loads at start drawing smaller current from the mains. Accordingly 
these motors are best suited for; 

(i) Rolling mills (ii) Lifts and hoists 

(Hi) Big flour mills (iv) Large pumps 

(iv) Line shafts of heavy industries 
(vi) Prime-moves with medium and large generators. 
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9.51 Comparison of Squirrel Cage and Phase Wound Induction Motors 

For comparison of two types of induction motors, the same output is considered. The comparison given 
below is made on the basis of construction, cost, losses, maintenance, starting, performance etc. 


Se. No. 

Particulars 

Squirrel Cage induction motor 

Phase Wound Induction motor 

1. 

Construction 

It is simple in construction and 
mechanically robust. 

Its rotor is phase wound which needs 
care. 

2. 

Cost 

It is cheaper m construction cost. 

It is more costly. 

3. 

Maintenance 

It requires less maintenance. 

Because ot slip rings, brushes etc. it 
requires more maintenance. 

4. 

utilisation of 
slot space 

Space of rotor slots is better utilised since 
rotor conductors are in shape ot bars. 

Whole ot the slots space is not utilised 
since winding is placed in the slots. 

5. 

Coper losses 

It has got small copper losses because ot 
low rotor resistance. 

It has got more copper losses. 

6. 

Efficiency 

Its efficiency \s high. 

It has lower efficiency. 

7. 

Cooling 

The heat can be dissipated more 
etficiently because the end rings are bare 
thus there is more space tor providing a 
cooling fan. 

In this case, overhang of the winding 
occupies space and less space is lett 
for the provision of a good cooling fan. 
Thus cooling is not quite efficient. 

8. 

Starting 

torque 

It develops very poor starting torque 
due to low resistance which cannot be 
increased by ordinary means. 

In this case an external resistance can 
be added in the rotor circuit at the start 
to improve its starting torque. 

9. 

Starter 

Starters are applied on stator side and 
starting methods ate quite simple. 

Starter is applied on rotor side through 
sliprings and brush gears. 


9.52 Comparison between Induction Motor and Synchronous Motor 

The comparison between induction motor and synchronous motor is given below: 


Se. No. 

Particulars 

Induction motor 

Synchronous motor 

1. 

Starting 

It is a self-starting motor. 

It is inherently not a self-starting motor. 

2. 

DC Excitation 

Its basic principle is mutual induction 
and no excitation is required. 

It requires DC tor field excitation. 

3. 

_ 1 

Speed 

Its speed is always less than 
synchronous speed and speed 
decreases with the increase in load. 

It only runs at a synchronous speed and 

its speed is not atfected by load. With 

the increase in load the torque angle 5 

increases. 

. 
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Se. No. 

Particulars 

Induction motor 

Synchronous motor 

4. 

Power factor 

It runs at tagging p.f. which may 
become very low at light loads. 

It can be operated under wide range of 
power factors both lagging and leading 
by changing its excitation. 

5. 

Speed control 

Its speed can be controlled. 

It runs only at synchronous speed. The 
only way to change its speed is to vary 
the supply frequency. 

6. 

Applications 

Its application is limited to the supply of 
mechanical load. 

It is also used to supply mechanical 
load and in addition it improves the p.f. 
of the system. 

7. 

Cost 

It is very cheap to manufacture and 
mechanically robust. 

It is cosf//erand complicated to 
manufacture. 

8. 

. 

Maintenance 

It requires less maintenance. 

It requires more maintenance. 


9.53 Installation of Induction Motors 

An electrical engineer must have the general idea regarding the installation and preventive maintenance 
of induction motors. The general information regarding installation and preventive maintenance of 
induction motors is available in the sources like Indian Standards {IS'. 900-1965), manufacturers 
manuals, reference books, hand books etc. 

Installation of induction motors involves the following points: 

1. Inspection of the motor on its arrival and its storage. 

2. Section of location for the installation of motor and control gear. 

3. Preparation of foundation and arrangement of levelling. 

4. Checking for proper alignment. 

5. Fitting of loading system (pulleys, couplings etc.) 

6 . Earthing etc. 

1. Inspection of the Motor on its Arrival and its Storage 

Unload the wooden crates containing motors with the help of cranes, chain and pulleys, ropes etc. Care 
should be taken that under no circumstances motor be damaged while unloading. After unloading, the 
motor is carried to the storage site. While handling, hook on the frame should be used for its lifting. 

Inspection and storage: If there is visible sign of damage on the crate, open delivery from carrier 
be taken and loss/damage certificate be got signed. Otherwise open the crate by keeping the motor 
in upright position with the help of screw drivers, main pullers, pliers, hammers etc. Care should be 
taken that the motor may not be damaged while opening the crate. On opening the crate, the material 
should be checked by comparing it with the packing test. For any type of loss or damage during 
transit the supplier and the insurance company should be informed immediately. 
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The motor should be stored in a clean and dry place. After storing, the rotor should be rotated 90° 
and relocked periodically (say every fortnight). If motor is stored at locations susceptible to vibrations, 
rubber pads are provided underneath to avoid stationary indentation. 

2. Selection of Location for the Installation of Motor and Control Gear 

The following points may be considered while selecting a location for the installation of moto: 

(i) The motor should be installed at a place, where sufficient space around the motor is available. 

It will facilitate the movement of operating personal. 
iii) It should be installed at a place where it is easily accessible for carrying out repair and 
maintenance. Sometimes, the lifting arrangement is also provided with the structure at the 
building. 

{Hi) The motor and control gear should be installed at a place so that they may not be exposed to 
water, corrosive liquid, oil, steam, metallic dust, dirt etc. However, if it cannot be avoided, the 
motor control gears must be properly enclosed. 

3. Preparation of Foundation and Arrangement of Leveling 

Depending upon the size of the motor, a strong and rigid cement concrete foundation is provided. The 
foundation block should be at least 20 cm longer and 20 cm wider than the motor feet. The anchor 
or rag bolts which are to hold the motor are embedded in concrete. Their location is determined 
with great accuracy. 

Where the motor rests directly on foundation, a great care is needed in leveling the foundation 
otherwise the motor will be strained when the mounting bolts are tightened. After leveling, the 
motor is also carefully aligned with the driven equipment to avoid extra load or strain on the motor. 

4. Checking for Proper Alignment 

The motor should be properly aligned with the driven equipment to avoid undue loading. The alignment 
is generally checked by free rotation of the motor with or without directly coupled load. Proper 
alignment for direct coupled drives is achieved by ensuring three operations i.e., axial positioning 
of shaft, paralleling of shaft and centering at shaft. 

5. Fitting of Loading System 

The loading system (pulleys, coupling etc.) is fitted on the motor shaft and is properly aligned so 
that the motor may not be unduly overloaded. 


6. Earthing 

Each motor frame is connected at two places with two distinct earthing systems. The earth wire 
should have proper size as per the size of the motor. 



Electrical Machines 


818 


9.54 Preventive Maintenance of Three-phase Induction Motors 

It is always better to prevent faults to occur on the motor than to repair it afterwards. This can only 
be achieved by giving periodic attention to the motor. The periodic attention prevents the faults to 
occur and provides trouble free service for long time. 

Some of the important aspects of maintenance of an induction motor are given below: 

(0 The motor frame or outer body should be repainted periodically. 

(ii) Motor should be cleaned periodically with the help of blowers and vacuum cleaners. 

{Hi) Motor should be kept dry. The stator and rotor winding should be kept free from oil, grease, 
dampness, dirt, smoke etc. 

(iv) Terminals should be kept clean and tight to maintain good connections. 

(v) Air-gap between stator and rotor should be kept clean i.e., free from any accumulation of dirt. 

(vi) Bearings should be greased in case they make noise. Every three years, bearings should be 
washed with petrol and new grease of good quality be filled. 

(vii) Dust, oil, moisture etc., should not be allowed to accumulate on the surface of slip rings and 
brush-gear. 

(viii) Spring tension and brush pressure on the slip rings should be checked periodically. 

(ix) Insulation of winding should be tested periodically. 

(x) To verify the effectiveness of earthing, the earth resistance should be measured periodically. 

(xi) The control and switching devices should be cleaned and checked periodically. 

Recommended Maintenance Schedule 

Refer IS: 900-1965 

1. Daily Maintenance 

(i) Check lead connections and earth connections visually. 

{ii) Check motor winding temperature just by touching the outer body. It should be such so 
that hand can bear it. 

{Hi) Check the control equipment. 

2. Weekly Maintenance 

(i) Blow out dust with the help of blowers if the motor is situated in dust locations. 

{ii) Check the contacts of the starter where motor is started and stopped frequently. 

{Hi) Check lubricating oil in case of oil-ring lubricated bearings for contamination of dust, dirt etc. 

3. Monthly Maintenance 

(i) Inspect and clean the control and switch gear system. 

{ii) Renew oil in high-speed bearings in damp and dusty locations. 

{Hi) Check and clean the brushes and brush-holder of slip-ring motors. 

4. Half-Yearly Maintenance 

(i) Clean windings of motors subjected to corrosive and damp locations. Dip it in varnish and 
bake it if necessary. 

{ii) Check and clean the slip-rings and brush gear in case of slip-ring induction motors. 

{Hi) Check grease in ball and roller bearings and fill grease if necessary but avoid overfilling. 
{iv) In case of oil-ring lubricating motors, drain-off the oil, clean the bearing with petrol and 
refill with clean and fresh oil. 
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5. Yearly Maintenance 

(i) Clean the motor winding by blowing clean and dry air. 

{ii) Clean and varnish dirty and oily windings. After varnishing do baking. 
iiii) Check all high-speed bearings and replace if necessary. 

(iv) Check oil and renew if necessary. 

(v) Replace the switch and fuse contacts, if damaged. 

(vi) Check insulation resistance of the winding. 

iyii) Check resistance of earth connections. 

{viii) Check air-gap between stator and rotor. 
iix) Check roller and ball bearings, if giving noise replace them. 


Section Practice Problems 


Numerical Problems 

1. The standstill impedances per phase of the inner-cage and outer cage of a double squirrel cage induction 
motor are given as 

Z 2 , = (0.4 +j2) ohm and = (2 + /0.4)ohm 
Determine the ratio of torques produced by the two cages 

(i) Atstandstill (/'/) at a slip of 5%. (>I/7S. To; T,;: 5:1; Tg:Ti::0.21:1) 

2. The standstill impedances per phase of the inner and outer cage of a double cage induction motor is given 
as 

Z 2 , = (0.5 +/3.5) ohm and Z 2 „= (2 + /1.2)ohm 

Determine the slip at which the two cages develop equal torque. (Ans. 25.1%) 

3. The impedances per phase of a double cage induction motor are inner cage: (0.05 + /0.4) ohm; Outer-cage: 
(0.5 + /0.1) ohm Estimate the torque in synchronous watt per phase at standstill and 5% slip considering 
that the rotor equivalent induced emf per phase is 100V at standstill. 

{Ans. 26000 syn.watt; 22.47 syn.watt) 


Short Answer^TypeQuestions 

Q.1. What do you mean by cogging in 3-phase induction motors? 

Ans. The phenomenon by which the radial alignment forces exceed the tangential accelerating forces and 
the machine refuses to start is called cogging. 

Q.2. What do you mean by crawiing in 3-phase induction motors? 

Ans. When a 3-phase induction motor continues to rotate at a speed little lower than 1/7**' of its synchronous 
speed, then it is said to be crawling. 

Q.3. How load affects the speed of an induction motor. 

Ans. With the increase in load, the speed of an induction motor decreases slightly. However, in general, it 
is considered as a constant speed motor. 
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Q.4. What is the effect of load on the efficiency of an induction motor? 

Ans. The speed or slip of an induction motor changes with the change in load. The efficiency of an induction 
motor is maximum at a slip when S = which S = the efficiency is maximum. 

The value of slip decreases when the load on the motor is more or less than the given condition (i.e., 
= S X ^ 2 ^- 

Q.5. Which are the high starting torque cage motors? 

Ans. (/') Deep bar cage rotor motors and (//') double cage induction motors. 

Q.6. Name seven-common enclosures of induction motor suggested by NEMA 

Ans. These are 

1. Open drip proof (OOP), 

2. Totally enclosed fan cooled (TfRC), 

3. Totally enclosed non-ventilated {TENV), 

4. Totally Enclosed Air Over (T£40), 

5. Totally Enclosed Wash Down (TEWD), 

6 . Explosion-proof {EXPL) and 

7. Hazardous Location {HAZ) enclosure. 

Q.7. State three major advantages of squirrel cage induction motor over phase-wound induction motor. 
Ans. 1. Cheaper is cost 2. Rugged is construction and 3. Low maintenance. 

Q.8. What is the major difference between a synchronous motor and an induction motor? 

Ans. Synchronous motor runs only at synchronous speed irrespective of the load. Induction motor can never 
run at the synchronous speed, it runs at a speed slightly less than the synchronous speed. 


Review Questions 

1. Which is the most commonly used 3-phase motor in the industry? Justify its name. 

2. Differentiate between squirrel cage and phase wound rotor construction with the help of sketches. 

3. Explain the construction of a 3-phase squirrel cage induction motor. 

4. Explain, with the help of sketches, the construction of a 3-phase phase-wound induction motor. 

5. Why the rotor of an induction motor is skewed? 

6 . Discuss how a rotating field is produced in a 3-phase induction motor. How does the rotating field help 
in the production of torque. 

7. Explain the working of a 3-phase induction motor. 

8. Explain with the help of suitable diagram, how rotating magnetic field is developed in a 3-phase induction 
motor when 3-phase AC supply is given to it. 

9. Explain with neat sketches, the principle of operation of a 3-phase induction motor. Explain clearly how 
torque develops. 

10. Can induction motor (3-phase) run at synchronous speed? Explain your answer. 

11. How much torque is developed in an induction motor at synchronous speed? What do you understand 
by slip? What is the normal slip of an induction motor? How can you reverse the direction of rotation of 
a 3-phase induction motor. 
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12. Explain why the rotor of a squirrel cage induction motor rotates in the same direction as that of the stator 
revolving field. Why this motor does not operate at synchronous speed? 

13. The stator winding of a 3-phase, phase-wound induction motor may be connected either in delta or star 
but the rotor winding is always connected in star, why? How does an induction motor adjust its current 
with the change in mechanical load? 

14. What do you mean by slip, slip frequency, cage rotor and wound rotor? 

15. Derive a relation between rotor current frequency and supply frequency. 

16. Derive the relationship between the frequency of rotor currents and supply frequency in case of a 3-phase 
induction motor. 

17. Derive an expression for the torque developed in a 3-phase induction motor and the condition for maximum 
torque. 

18. Derive an expression for an induction motor for (/') full-load torque (//') starting torque (///) maximum 
torque. 

19. Develop a relation between (/) Starting torque and full-load torque (//') full-load torque and maximum 
torque and [Hi) starting torque and maximum torque. 

20. If some resistance is added in the rotorcircuit of an induction motor, how does it affect the starting torque 
and maximum torque. 

21. What is the effect on the starting and maximum torque of an induction motor if a resistance is inserted 
in its rotor circuit? What should be the maximum limit of additional resistance? 

22. Derive the condition for maximum torque in a 3-phase induction motor under normal operation. 

23. Draw a torque-speed characteristic of a 3-phase induction motor, mark the operating region on it and 
show the effect of change in rotor resistance. 

24. Derive an expression for full-load torque in a 3-phase induction motor. Also obtain relation between full¬ 
load torque and maximum torque i.e., 

25. For a 3-phase induction motor, derive a relation between maximum torque and full-load torque. 

26. For a 3-phase induction motor, derive a relation between starting torque and maximum torque. 

27. List the different types of losses in an induction motor. 

28. What are the various losses in an induction motor? On what factors do they depend? 

29. Derive an expression for the rotor copper loss in terms of slip and input to the rotor. 

30. Show that the ratio of rotor speed to synchronous speed is equal to the ratio of rotor output to rotor input. 
Also obtain an expression for rotor copper loss in terms of rotor input. 

31. Explain the term air-gap power or power developed in the rotor and shaft power. How these terms are 
related to each other? 

32. Draw the equivalent circuit and phasor diagram of a 3-phase induction motor. 

33. Develop the equivalent circuit of a 3-phase induction motor. Explain how the mechanical power developed 
in the motor is taken care in this circuit. 

34. Derive an exact equivalent circuit of a 3-phase induction motor. How it is converted to simplified equivalent 
circuit. From simplified equivalent circuit find rotor output, power developed and slip. 
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35. Describe how no-load test and blocked rotor test is performed on a 3-phase induction motor. 

36. Describe the test by which one can determine the parameters of a 3-phase induction motor. 

37. Draw the equivalent circuit of a 3-phase induction motor operating under following conditions: 

(i) Blocked rotor condition. (;7) light load condition, (ii) Rated load condition. 

38. Draw the equivalent circuit of a 3-phase induction motor. What is significance of each element, haw their 
values can be determined in electrical laboratories. 

39. What is a circle diagram of a 3-phase induction motor? Draw and explain the circle diagram. What 
experimental test are to be performed on an induction motor to draw the circle diagram. 

40. How will you determine the motor characteristics from the circle diagram of a 3-phase induction motor? 

41. What are the space harmonic fields? How they affect the performance of a 3-phase induction motor? 
What design construction can minimise these effects? 

42. Explain the phenomenon of cogging and crawling is squirrel cage induction motors. 

43. What do you mean by deep bar cage construction? How starting torque is improved by using this 
construction? 

44. Describe the construction and working of a 3-phase double squirrel cage induction motor. 

45. Describe the main features of a double cage induction motor. 

46. State the difference between squirrel cage rotor and wound rotor type of induction motors. 

47. Compare relative advantages of cage rotor type induction motor and wound rotor type induction motor. 

48. Give a list of advantages and disadvantages of 3-phase induction motors. 

49. Compare cage and wound type induction motors. 

50. Compare a cage induction motor with a slip-ring induction motor with reference to construction, 
performance and applications point of view. 

51. Make a comparison between 3-phase induction motor and 3-phase synchronous motor. 


Multiple Choice Questions 

1 . stator core of an induction motor is built of 

(a) laminated cast iron {b) mild steel 

(c) silicon steel stampings {d) softwood. 

2. The stator winding of an induction motor can be designed for 

(a) any number of pole (h) any even number of poles 

(c) any odd number of poles (d) only for four poles. 

3. The true statement associated with a 3-phase induction motor is. 

(a) the cage rotor is made of copper. 

(b) 3-phase AC supply is usually connected to squirrel cage rotor. 

(c) the rotating field is produced by the stator winding. 

(d) the rotor stampings should be properly insulated from each other. 
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4. Usually, In Induction motors, dIe-cast aluminium rotors are used because aluminium Is 

(a) easy to cast owing to Its low melting point and Is easily available. 

(b) lighter In weight. 

(c) of low resistivity. 

(d) having less cost. 

5. The rotors of squirrel cage Induction motors are provided with blades to 

(a) provide cooling to motor (b) balance the rotor dynamically. 

(c) eliminate noise. (d) eliminate harmonics. 

6 . The rotor conductors of 3-phase squirrel cage Induction motors are 

(a) short-circuited through end rings. (b) short-circuited through slip rings, 

(c) kept open. (d) short circuited through resistors. 


7. 


A wound rotor Induction motor can be distinguished from squirrel cage Induction motor by 

(a) frame’s structure. (b) presence of slip-rings 

(c) shaft diameter. (d) all of the above. 

In a large Induction motor usually the value of full load slip Is 


(a) 0-4% 

(c) 3 to 5% 

Uneven air gap In an Induction motor may cause 
(a) heating of motor. 

(c) overloading. 


(h) 20% 

[d] 6 to 15% 

(b) unbalancing of motor shaft, 
(d) all of these. 


10 . 


11 . 


The stator and rotor of a 3-phase 6-pole squirrel cage Induction motor has 54 and 42 slots respectively. 

The number of phases In the rotor Is 

(a) 1. (b) 3. 

(c) 6. (d) 9. 

At start, the slip of the Induction motor Is 

(a) zero (h) 0-5 

(c) one [d) Infinite. 


12. In squirrel-cage Induction motors the rotor slots are slightly skewed to. 

(a) Increase the mechanical strength of rotor bars. 

(b) reduce the cost of construction 

(c) reduce the magnetic hum and locking tendency of rotor. 

(d) provide balancing. 


13. In a 3-phase Induction motor, skewing of rotor slots Is done to 

(a) Increase mechanical strength of rotor. 

(b) reduce vibration and noise. 

(c) Improve motor efficiency. 

(d) decrease rotor resistance and save copper. 


14. The rotor of an Induction motor never pick-up the speed up to synchronous speed. If It would run at 
synchronous speed then the relative speed between rotor conductors and the rotating field will be. 

(a) zero and hence, torque will be maximum. 

(b) zero and hence, torque will be zero. 

(c) synchronous speed and hence, torque will be maximum. 

(d) synchronous speed and hence, torque will be zero. 
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15. The direction of rotation of a 3-phase induction motor is ciockwise when it is suppiied with phase 
sequence R-Y-B. if its direction of rotation is to be reversed. The phase sequence of the power suppiy 
shouid be 

(a) Y-R-B (b) R-B-Y 

(c) B-Y-R (d) aii of these 

16. A squirrei cage induction motor is, in generai anaiogous to 

(a) auto-transformer. 

(b) two winding transformer with secondary open-circuited. 

(c) two winding transformer with secondary short-circuited. 

(d) none of the above. 

17. The stator and rotor of an induction motor behave iike 

(a) an ordinary two winding transformer. 

(b) an auto-transformer. 

(c) a variabie voitage constant frequency transformer 

(d) constant voitage variabie frequency transformer. 

18. The fuii ioad siip of a 60 Hz, 6-poie squirrei cage induction motor is 4%. its fuii ioad speed is 

(a) 960 rpm. (b) 1152 rpm. 

(c) 1140 rpm. (d) 950 rpm. 

19. The synchronous speed of an induction motor is 1000 rpm. What wiii be siip when it is running at a speed 
of 960 rpm? 

(a) +5%. (b) -5% 

(c) +4% (d) -3%. [A.M.i.E] 

20. A 6-poie, 3-phase induction motor is running at 5 percent siip at fuii ioad. if the speed of the motor is 
1140 rpm, the suppiy frequency is 

(a) 30 Hz. (b) 25 Hz. 

(c) 50 Hz. (d) 60 Hz. 

21. A 4-poie, 3-phase aiternator running at 1500 rpm suppiies to a 6-poie, 3-phase induction motor which 
has a rotor current of frequency 2 Hz. The speed of the motor is 

(a) 1440 rpm. (b) 960 rpm. 

(c) 840 rpm. (d) 720 rpm. 

22. if is the standstiii rotor phase emf, is the standstiii rotor phase current and cos is the rotor power 
factor then torque deveioped by a 3-phase induction motor varies as 

(a) £2 4- E 2 gl/sin(l >2 

(C) E2l2C0S(l>2. (d) E2gt2Sin(l>2 

23. if the rotor resistance is increased in a siip-ring induction motor, then 

(a) both starting torque and pf wiii increase. (b) both starting torque and pf wiii decrease. 

(c) starting torque decreases but pf increases, (d) starting torque increases but pf decreases. 

24. in a 3-phase induction motor, maximum torque is deveioped when the rotor circuit resistance per phase 
is equai to 

(a) rotor ieakage reactance per phase at standstiii. 

(b) stator ieakage reactance per phase. 

(c) siip times the rotor ieakage reactance per phase at standstiii. 

(d) starting current wiii increase but starting torque decrease. 



Three-Phase Induction Motors 


825 


25 . In a 3-phase slipring induction motor, if some resistance is added in the rotor circuit. 

(a) its starting torque will decrease and maximum torque will increase. 

{b) its both starting torque and maximum torque will increase 

(c) its starting torque will increase but the maximum torque will remain the same. 

{d) its starting torque will remain the same but maximum torque will increase. 

26 . In a 3-phase induction motor if the leakage reactance is increased by using deep slots 

(a) starting torque and starting current will decrease but power factor will increase. 

(b) starting torque and starting current both will increase but power factor will decrease. 

(c) pull-out torque will decrease. 

(d) starting current will increase but starting torque decrease. 

27 . Breakdown torque of a 3-phase induction motor is 

(a) inversely proportional to the rotor resistance. 

(b) directly proportional to rotor resistance. 

(c) inversely proportional to the rotor leakage reactance 

(d) directly proportional to the rotor reactance. 

28 . The power input in blocked-rotor test performed on a 3-phase induction motor is approximately equal to 

(a) iron loss in the core. (b) hysteresis loss in the core 

(c) eddy current loss in the core (o') copper loss in the windings 

29 . In a 3-phase induction motor iron loss mainly occurs in 

(a) rotor core and rotor teeth. (b) stator and rotor core. 

(c) stator and rotor winding. (d) stator core and rotor teeth. 

30 . The power input to a 400 V, 50 Hz, 4-pole, 3-phase induction motor running at 1440 rpm is 40 kW. The 
stator losses are 1 kW, the rotor copper loss will be 

(a) 1600 W. (b) 1560 W. 

(c) 1500 W. (d) 1440 W. 

31 . The torque developed by an induction motor is 

(a) directly proportional to the square of the rotor resistance 

(b) directly proportional to the square of the rotor reactance 

(c) directly proportional to the square of the supply voltage 
(rf) directly proportional to the square of the slip. 

32 . A 3-phase, 400 V, 50 Hz, 4 pole induction motor cannot run at 1500 rpm because 

(a) at this speed motor will draw such a heavy current which may damage the motor. 

(b) at this speed motor bearings may be damaged. 

(c) at this speed, emf will not be induced in the rotor circuit and hence no torque will be developed. 

(rf) all of these. 

33 . A 400 V, 12 kW, 4-pole, 50 Hz induction motor has full-load slip of 5%. Its torque at full-load will be 

(a) 8.04 Nm. (b) 80.4 N. 

(c) 7.64 Nm. (d) 76.4 Nm. 

34 . The equivalent circuit per phase of a three phase induction motor is similar to that of a three phase transformer 
but the transformer does not develop any torque. It is because of 

(a) insufficient power input. (b) insufficient supply frequency. 

(c) insufficient voltage. (d) non-fulfilmentof winding placement conditions. 
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Squirrel cage induction motors will have low pf at 

(a) heavy loads only. 

(c) both light and heavy loads. 


(b) light loads only, 
(d) rate load only. 


36 . Torque developed by a 3-phase, 400 V, induction motor is 200 Nm. If the supply voltage is reduced to 
200 V, the developed torque will be 

(a) lOONm [b) 50 Nm 

(c) 75 Nm (of) 200 Nm 

37 . Under locked rotor condition, the rotor circuit frequency of a 3-phase induction motor connected to a 50 
Hz supply will be 

(a) 3 Hz. (b) 30 Hz. 

(c) 50 Hz. (d) 60 Hz. 

38 . While performing no-load test on a 3-phase induction motor, a curve is plotted between input power and 
applied voltage. When this curve is extended backward to intersect the y-axis. This intersection point 
yields 

(a) core loss. (b) stator iron loss. 

(c) stator copper loss. (d) friction and windage loss. 

39 . The phenomenon in squirrel cage induction motors due to which they show a tendency to run at a very 
low speed in known as 

(a) crawling (b) cogging 

(c) skewing (cf) humming 


40 . The crawling in an induction motor is caused by 

(a) improper design of the machine 

(b) both a and b 


(b) low supply voltage 

(b) harmonics developed in the motor. 


41 . In an induction motor crawling may occur due to 

(a) harmonic synchronous torques. (b) slip torques, 

(c) vibration torques. (b) all of these. 


The crawling in an induction motor is caused due to 


(a) improper design of stator laminations, 
(c) harmonics developed in motor. 


(b) improper winding design, 
(b) low supply voltage. 


When the number of stator slots of an induction motor is equal to an integral multiple of rotor slots, 
(a) a high starting torque will be available. (b) the maximum torque will be high. 

(c) the machine will fail to start. (b) the motor picks-up speed quickly. 

The crawling in a 3-phase induction motor may be due to 

(a) 7*''space harmonics of air-gap field. (b) 7*^ time harmonics of voltage wave. 

(c) 5’*'space harmonics. (b) 5*'^ times harmonics. 


If the air-gap in an induction motor is increased, its 


(a) speed will reduce. 

(c) efficiency will improve. 


(b) powerfactor will be lowered, 
(b) breakdown torque will reduce. 


46 . In induction motors cogging occurs when 

(a) number of stator teeth are more than number of rotor teeth. 

(b) number of stator teeth are less than number of rotor teeth. 

(c) number of stator teeth are equal to number of rotor teeth. 

(b) number of stator teeth are double to that of number of rotor teeth. 
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47. In induction motors semi-closed slots are used essentially to 

(a) improve maximum torque developed. 

{b) improve pull-out torque. 

(c) improve efficiency. 

{d) improve power factor and reduce magnetising current. 

48. In double cage rotors 

(a) the inner cage has high resistance and outer cage has low resistance. 

(b) both the cages have low resistances. 

(c) both the cages have high resistances. 

(d) the inner cage has low resistance and outer cage has high resistance. 

49. The most widely used motor is 

(a) double cage induction motor. (d) slip-ring induction motor, 

(c) squirrel cage induction motor. [d) synchronous motor. 
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Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

^ Why a starter is employed to start an induction motor? 

^ Where we can apply a direct-on-line starter? 

V What are the functions ot over-current and no-volt relays? 

V What is a stator resistance starter and what are its limitations? 

^ What isastar-deltastarterand why it is not used with heavy (more than 20 kW) induction motor? 
^ How an auto-transtormer starter works and why it is more suitable tor heavy motors? 

^ Why rotor resistance starting method is preferred over stator starting methods. 

^ How step resistors are designed tor a rotor resistance starter? 

./ What are the factors on which speed ot an induction motor depends? 

V How can we change the speed ot squirrel cage and slip-ring induction motors? 

^ What are the merits and limitations ot various speed control methods. 

^ How speed ot heavy slip-ring induction motors is controlled? 


lntro(Juction 

In the previous chapter, it has been found that a 3-phase induction motor is a self-starting motor. 
When a 3-phase supply is given to the 3-phase wound stator of an induction motor, a rotating field 
is developed. By induction, an emf is induced in the rotor conductors, torque develops and rotor 
starts rotating. But, if the motor is directly switched on to the supply, it draws heavy current from 
the mains due to inertia of rotor. Thus, a device is required to limit the inrush flow of current at the 
start, called starter. 

Once the motor picks-up speed and takes-up the load, there are many applications where regulated 
speed is required. To fulfil this requirement various means and methods have been devised. 

In this chapter, we shall discuss various methods and devices which are used for starting and 
speed control of 3-phase induction motors. 
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10.1 Necessity of a Starter 


The current drawn by a motor from the mains, depends upon the rotor current. The rotor current 
under running condition is given by the expression: 

j ^ SE2. 

4rI + {SX^,f 


At start slip S = I, therefore, rotor current. 


hs ~ 



2 

2s 


This current is very large as compared to its full load current. Thus, when a squirrel cage induction 
motor is directly connected to the supply mains, it draws very large current (nearly 5 to 7 times of the 
full load current) from the mains. This heavy current may not be dangerous for the motor because 
it occurs for a short duration of time, but it causes the following affects: 

(0 It produces large voltage drop in the distribution lines and thus affects the voltage regulation 
of the supply system. 

(ii) It adversely affects the other motors and loads connected to the same lines. 

Hence it is not advisable to start large capacity induction motors by direct switching. Rather, such 
motors should be started by means of some starting device known as starter. 

The function of a starter is to limit the initial rush of current to a predetermined value. 

A starter also has some protective devices to protect the induction motors against over loading. 


10.2 Starting Methods of Squirrel Cage Induction Motors 

The various starters which are employed to restrict the initial rush of current in squirrel cage induction 
motors are given below: 

1. Direct On Line (D.O.L.) Starter; 2. Primary resistance (or inductance) starter; 3. Star/Delta 
Starter; 4. Auto-transformer Starter. 

10.2.1 Direct on Line (D.O.L.) Starter 

It is a starter by which the motor is switched ON direct to the supply mains by switching conductor. 
With normal industrial motors this operation results in a heavy rush of current of the order of five to 
seven times of the normal full load current. This high current rapidly decreases as the motor picks 
up speed but it is at a very low power factor and thus tends to disturb the voltage of the supply in the 
distribution lines. For this reason, the supply authorities limit the size of motor upto 5 H.P. which 
can be started by this starter. An automatic D.O.L. Starter is shown in Fig. 10.1. 

A direct on line starter essentially consists of a contactor having four normally open (NO.) contacts 
and a contactor coil also known as no-volt coil or no volt release. There are two push buttons ON 
and OFF which are used to start and stop the motor. To protect motor against overload, thermal or 
magnetic over-load coils are connected in each phase. 
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Fig. 10.1 Direct-on-line starter 


To start the motor, the ON push button (green) is pressed which energies the no-volt coil by 
connecting it across two phases. The no-volt coil pulls its plunger in such a direction that all the 
normally open {NO) contacts are closed and motor is connected across supply through three contacts. 
The fourth contact serves as a hold on contact which keeps the no-volt coil circuit closed even after 
the ON push button is released. To stop the motor, OFF push button (red) is pressed momentarily 
which de-energises the no volt coil opening the main contacts. 

When the motor is over loaded, the thermal overload relay contact, connected in the control 
circuit opens thus disconnecting the No-volt relay from the supply. Overload protection is achieved 
by thermal element overload relay. 

Torque developed by the motor when started by direct on line starter: 

Power developed in the rotor or rotor input = roT 

Rotor copper loss = S x rotor input 

= SaT ...(i) 

Also rotor copper loss = 3 12 R 2 ■■ -00 

Where S is the slip, ro is the angular velocity, T is the torque developed, is the rotor current per 
phase and R 2 is the rotor resistance per phase. 

Equating the eqn. (i) and (ii), we get, 

Scot = 3 R 2 

3 l2^ R 2 
So) 

12^ 

i.e., T oc since rotor resistance and supply frequency is constant. 
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As stator current is proportional to rotor current, 

7 2 


i.e., 


Toe ^ 

0 ) 


or 



(where /T is a constant) 


At start, slip, 5 = 1 

Starting torque, T ^ ) (where is the starting current).. .(Hi) 

Ki ^ 

Full load torque, T„ = .. .{iv) 

Sf, 

Where is the full-load current and is the full-load slip. 

From eqn. (Hi) and (iv), we get 



Ts, 

KlJ 


(i f 

^ St 


Tfl 


IS, 


Jfl, 




(j ^ 

2 


or 

Starting torque, = 


^ St 

J ^ 



VflJ 

When motor is connected to the mains by direct on line starter 
will be equal to the short-circuit current I 

^ SC 


, the starting current of the motor 


Starting torque, F ^ X 


^ St 

\h. 




■ ■■(v) 


10.2.2 Stator Resistance (or Reactance) Starter 

In this method, a variable resistor (or inductor) is connected in series with each phase of the stator 
winding of a 3-phase squirrel cage induction motor, as shown in Fig. 10.2. 


Supply mains 



Fig. 10.2 Stator resistance starter 
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Very low voltage is supplied to each phase of the winding at the start by inserting more resistance 
(or inductance) in series with the winding. As the motor picks-up the speed, the resistance (or 
inductance) is taken out of circuit. 

Let the voltage applied across each phase be reduced to a fraction of x 


Voltage applied across each phase at start = xV 
Starting current, = x 1^^ 
Hence, the current is reduced to fraction x. 


Starting torque, = 


Starting torque = 


Tfi X 


TflX 


fl 

^ St 


X Sf 


^xL 


V h 


X Sf 


f 1 \ 


2 rj. 

X T fj 




X St 


x^ X torque developed by direct switching. 


Merits 

(i) Smooth acceleration since the resistance (or inductance) is reduced gradually. 

(ii) Simple and less expansive 
(Hi) Higher pf during starting 

Demerits 

(i) Current is reduced by a fraction of x but the torque is reduced to fraction x^, hence starting 
torque is poor. 

(ii) More energy loss in the resistors, therefore, inductors are preferred. But still loss is more. 

(Hi) Starting duration is comparatively more. 

This method of starting is used very rarely. 

10.2.3 Star-Delta Starter 

This method is based upon the principle that in star connections, voltage across each winding is 
phase voltage i.e., 1/ Vs times the line voltage, whereas the same winding when connected in delta 

will have full line voltage across it. So at start, connections of the motor are made in star fashion so 
that reduced voltage is applied across each winding. After the motor attains speed the same windings 
through a change-over switch, as shown in Fig. 10.3 are connected in delta across the same supply. 
The starter is provided with overload and under voltage protection devices also. Moreover, the starter 
is also provided with a mechanical inter-locking which prevents the handle to put in run position 
first. Simplified connections of a star delta starter are shown in Fig. 10.4. 
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Supply mains 



Over lo£ 
relay 


Relay 

contacts 


NV ' t)top 
relay button 

Fig. 10.3 Star-delta starter 


Supply mains 




m 


Run 

6 4 2 




Fig. 10.4 Simplified star-delta starter 


Since at start stator windings are connected in star connection, so voltage across each phase 
winding is reduced to 1/Vs of line voltage, therefore, starting current/phase becomes equal to 

Vs = Starting line current 

Starting line current by direct switching with stator winding connected in delta = Vs 

Line current with star delta starter _ I SC iS 1 
Line current with direct switching Vs/ 3 

Thus, it concludes that when a 3-phase motor is started by a star/delta starter, the current drawn 
by it is limited to l/3rd of the value that it would draw without starter. 

Torque developed by motor when started by star-delta starter 


Starting torque, T 
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/ . , / . \2 


Starting torque = 

The equation shows that the starting torque developed by the motor when started by star-delta 
starter is also reduced to one-third of the starting torque developed by direct on line switching. 

Merits 

It is a simple, cheap, effective and most efficient method of starting of squirrel cage induction motors. 
It is the most suitable method of starting for high inertia and long acceleration loads. 

However, it suffers from the following demerits. 

Demerits 

1. All the six terminals of the stator winding are to be brought out to starter through six leads and 
the motor has to be operated in delta. 

2. The starting current can only be limited to l/3'^‘* of the short circuit current. 

3. Starting torque developed by the motor is reduced to 1/3'^'* which is very low to pick the load. 

Accordingly, such starters are employed with the squirrel cage induction motors having capacity 
4 kW to 20 kW. 

Precautions 

To start the motor, the handle is operated to start position i.e., to connect the motor winding in star. 
Keep the handle in this position till the motor picks-up speed to 70% of its rated value. Only after 
that shift the handle to run position (i.e., delta connection), otherwise there will be heavy sparking 
at the starter terminals. 

10.2.4 Auto-transformer Starter 

In the previous method, the current can only be reduced to 1/3 times the short circuit current. 
Whereas, in this method, the voltage applied across the motor and hence current can be reduced to 
a very low value at the time of start. At the time of start, the motor is connected to supply through 
auto-transformer by a 6 pole double throw switch. When the motor is accelerated to about full speed, 
the operating handle is moved to run position. By this, motor is directly connected to the line as 
shown in Fig. 10.5. 

Overload protection and under voltage protection is provided as explained in the first method. 
Although this type of starter is expensive but is most suitable for both the star-connected and 
delta-connected induction motors. It is most suitable for starting of large motor. 


Ar / V3 


2'^ fl 


Vfl 


X Sf 


— X torque developed by direct switching 
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Supply mains 



Large size motors draw huge amount of current from the mains if they are connected to mains 
without starter. However, if they are connected to the mains through star/delta starter, the current 
is limited to l/3rd value which is still, so large that it would disturb the other loads connected to 
the same lines. Hence, to limit the initial rush of current to low values auto-transformer starters 
are employed. With the help of auto-transformer starters, we can limit the starting current to any 
predetermined value as explained below: 

Let the motor be started by an auto transformer having transformation ratio K. 

If is the starting current when normal voltage is applied. 

Applied voltage to stator at start = KV 


Then motor input current I = KI 

^ St SC 

Supply current = Primary current of Auto transformer 

= Kx Secondary current of Auto-transformer 


= KKI =K^I 

SC SC 

If 20% (i.e., one-fifth) voltage is applied to the motor through auto-transformer starter, the current 
drawn from the mains is reduced to (4) i.e., l/25th times. 


Torque developed by motor when started by an auto-transformer starter 


Starting torque, T ^ = T^ 


St 


X Sf, 


KT. 


r 

ft \ 


’ SC 

I „ 

J 

y fl J 


X S. 


Starting torque = x torque developed by direct switching 
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10.3 Rotor Resistance Starter for Slip Ring Induction Motors 

To start a slip ring induction motor, a 3-phase rheostat is connected in series with the rotor circuit 
through brushes as shown in Fig. 10.6. This is called rotor rheostat starter. This is made of three 
separate variable resistors joined together by means of a 3-phase armed handle which forms a star 
point. By moving the handle equal resistance in each phase can be introduced. 


Supply mains 




Fig. 10.6 3-phase slip-ring induction motor starter 


At start, whole of the rheostat resistance is inserted in the rotor circuit and the rotor current is 
reduced to 


^(R2 + Rsf + 

Correspondingly it reduces the current drawn by the motor from the mains at start. 

When the motor picks up speed the external resistance is reduced gradually and ultimately whole 
of the resistance is taken out of circuit and slip rings are short-circuited. 



Fig. 10.7 3-phase slip-ring induction motor starter 

By inserting external resistance in the rotor circuit, not only the starting current is reduced but at 
the same time starting torque is increased due to improvement in power factor: 

At starts: 

^(R,f+(X,f 


Power factor without starter, cos = 
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Power factor with starter, cos' tj)^ 

Hence, cos' <l>^>> cos 

Calculation of Starting Resistance at Various Steps 

Assumptions: consider that (i) the motor starts against a constant load or torque and (ii) the rotor 
current fluctuates between fixed maximum and minimum values of current i.e., L and L . 

For calculations, consider only one phase of a 3-phase slip-ring induction motor having rotor 
resistance and ^ 2 ^ as rotor reactance at stand-still, as shown in Fig. 10.8. 

Let, 1,2, .. .n be the number of studs of the starter 

rj, r^... r^_j be the resistance of different steps in each phase. 

R^i Rg 2 ^ 5 „be the total resistance per phase in the rotor circuit at stud 1, 2.. .and n, respectively. 



Fig. 10.8 Resistance of various steps of a siip-ring induction motor starter (For one-phase) 
When the handle comes in contact with stud -1, the current rises to its maximum value, i.e.. 



When motor is stationary and handle is moved to stad-1, at that instant slip = 1. The rotor starts 
rotating and it picks-up the speed so that the slip reaches to S 2 - Before moving the handle to stud-2, 
the slip of the motor is S 2 and the current obtains its minimum value, i.e.. 



When the handle in moved to stud-2, the current again rises to its maximum value, the speed 
momentarily remains the same, i.e.. 
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At this (2nd) stud, the speed of the motor rises, slip becomes and current reduces to / 2 min’ 



Similarly, when the handle is moved to stud-3, 



When the handle is moved to last stud-n. 



where is the slip under normal running condition 



From eqn. (i), {Hi), (v) and (yii), we get, 


^2S ^2S ^2S ^2S 



Similarly from eqn. (ii), (iv), (vi )..we get. 


^25 ^2S ^2S ^2S 
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Combining eqn. {viii) and {ix), we get, 




R 


S2 


Rc 


R 

R. 


S3 


R 

R. 


S4 


oj ^2 J 3 i\g2 ■''S3 

From eqn. (viii), total rotor circuit resistance per phase at stud-1, 


^si - ^2 ^ ^ 




R. 


as well as, Rg 2 = K R ^^; R^^ = K Rg 2 = Rgi 
Also, 


Ri = KRs(n-n = K^'^-'^Rsi = 


Ro 


K(say) ...(x) 

^S(«-l) 

(Since 5^ = 1) .. .(xi) 


or K=(S 

' max' 

where (n-1) represents the number of sections of the starter. 

Hence, the resistance of various sections of the starter are determined as, 

^1 “ Rsi ~ Rs 2 ~ Rsi 

r2 = Rs2 - Rsi = Rsi (K -K^) = K q 

'' 3 = Rs3-Rs2 = Rsi(k" -K")= k" n 


Example 10.1 

Calculate the ratio of starting torque to full-load torque of a 3-phase induction motor having short- 
circuit current 4 times the full-load current with a full-load slip of 3%. 


Solution: 


Hence, 7,^ =4 1^,3^ =3% = 0.03 


Ratio of starting to full-load torque, 

Rfl 


y 


xSf= (4)2 


X 0.03= 0.48 (Ans.) 


Example 10.2 

Determine the ratio of starting current to full-load current and starting torque to full-load torque 
for a small 3-phase squirrel cage induction motor having short-circuit current 5 times the full-load 
current. The motor is started with a stator resistance starter which reduces the impressed voltage 
to 70% of rated value. The full-load slip of the motor is 4%. 


Solution: 

Here, 7,^ = 5 7^; jc = 70% = 0.7; Sj = 4% = 0.04 

Starting current, = xl^^ = 0.7 X 5 X 7y, = 3.57^ 

^ = 3.5 (Ans.) 


or 
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or 


Starting torque, T ^ 


iiL 

yhj 


xSfXTf, 


^ = (3.5)^ X 0.04 = 0.49 = 49% (Ans.) 


Example 10.3 

A 10 H.P. 3-phase induction motor with full load efficiency and p.f of 0-83 and 0-8 respectively 
has a short circuit current of 3-5 times full load current. Estimate the line current at the instant of 
starting the motor from a 500 V supply by means of star delta starter. 


Solution: 

Output of the motor = 10 H.P. = 7355 W 
Power factor, cos (j) = 0-8 
Efficiency, 77 = 0-83 
Supply voltage (line value), = 500 V 

Input to the motor = = 8861. 45W 

rj 0.83 

Full load current, —= 8861-45 -= 12 • 79 A 

^ V3 cos ^ v3x500x 0-8 

Ratio of, = 3-5 

Short circuit current, I = 3-5 x 1279 = 4476 A 

Staring current, f = ^ = 14'92 A {Ans.) 

Example 10.4 

Determine the starting torque of a 3-phase induction motor in terms of full load torque when started 
by means of: 

(i) Star delta starter; and 

(ii) An auto-transformer starter with 50% tapings. 

The motor draws a starting current of 5 times the full load current when started direct on line. 
The full load slip is 4 percent. 


Solution: 

Ratio of short circuit current to full load current. 



Full load slip, 5 = 0-04 
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(i) For star-delta starter. 

Ratio of starting torque to full load torque, 

/ \2 

^ htL x5„= 2 (5)2x0-04 = 0-3333 

Starting torque = 33'33% of full load torque {Ans) 

(ii) For Auto-transformer starter: 

Transformation ratio, or tapings, 

K = 50% = 2 

Ratio of starting torque to full load torque 

^ htL xSf,= (2] X (5)2 X 0.04 = 0.25 

Tfl yifl) \2i 

Starting torque = 25% of full load torque (Ans.) 


Example 10.5 

A 20 H.P., 3-phase, 6-pole, 50 Hz, 400 V induction motor runs at 960 rpm on full load. If it takes 
120 A on direct starting, find the ratio of starting torque to full load torque with a star-delta starter. 
Full load efficiency and p.f. are 90% and 0-85. 


Solution: 


Output power = 20 H.P. = 20 x 735-5 = 14710 W 
No. of poles, P = 6 

Supply voltage (line value), = 400 V 
Supply frequency,/= 50 Hz 
Short circuit current, I = 120 A 

Efficiency, 77 = 90% = 0-9 
Power factor, cos tj) = 0-85 
Rotor speed, N = 960 rpm 

Full load current, L, = —=- ^4110 - _ 27.75 

2' V3x400x0 -9x0 -85 

Synchronous speed, = 1222 _ 1^0 X 50 _ ^QQOr.p.m 


Full-load slip, 5,, = 


N^-N 


1000 - 960 


= 0.04 


Ratio of starting torque to full load torque. 
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^ = i xS 


1 / 120 
3 \ 27.75 


X 0.04 = 0-2493 (Ans) 


Example 10.6 

Find the suitable tapping on an auto-transformer starter for an induction motor required to start 
the motor with 36% of full load torque. The short circuit current of the motor is 5 times the full load 
current and the full load slip is 4%. Determine also the starting current in the supply mains as a 
percentage of full load current. 

Solution: 

Ratio of starting torque to full load torque, 

= 0.36 

Ratio of short-circuit current to full load current, 

^ =5 


Full load slip, S = 0-04 


^ ^ xs 


0-36 = K^x (5)2 X 0-04 

Transformation ratio or tapping of auto-transformer, 

j 0.036 
\l5x 5x0.04 


= 0-6 or 60% (Ans.) 


In an auto-transformer starter, ratio of starting current to short-circuit current, 

^ where I =5 L 

J sc f 


=5K^ = 5x (0-6)2 ^ pg 230% ) 

Example 10.7 

Find the ratio of starting to full load current for 10 kW input, 415 V, 3-phase induction motor with 
star-delta starter at full load efficiency 0-9 and the full load p.f 0-8. The short circuit current is 40 
A at 210 V and the magnetising current is negligible. 


Solution: 


Input power, P = 10 kW = 1000 W 
Supply voltage (line value), = 415 V 
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Power factor, cos ^ = 0-8 
Short circuit current at 210 V = 40 A 

Short-circuit current at 415 V, / = = 79 A 

210 

Full load current, = —f=—— -= 10000 -_ 27 . 39 ^ 

^ V3 cos 0 v3x415x0-8 

In case of star-delta starter; 

I 7Q 

Starting current, = — = 26 • 33 A 

/ ' 7 ^ 

Ratio of starting to full load current, = = 1'514 (Ans.) 

17 • 39 

Example 10.8 

The full-load slip of a 3-phase, 400 V, 50 Hz slip-ring induction motor is 2% and its starting current 
is 1.5 times the full-load current. Design a five-section 6-stud rotor starter if the resistance of rotor 
circuit per phase is. 03 ohm. 


Solution: 


Here, full-load slip, S., = 2% = 0.02 


Rotor current at full-load, = l 2 fl = 


^fl ^2S 


R 2 -\-{SfiX2g) 


When slip is very small, the value of (S^ X 2 ^y' is very small and can he neglected, therefore, 

_ 

Thus, slip oc Rotor current 

At the starting current, slip is maximum, = 1.5 x = 1.5 x 0.02 = 0.03 
Total resistance in the rotor circuit per phase on stud-1, 


K= = (0.03)5 = 0.496 


Resistance of various steps, 

rj = (1-K) = (1-0.496) x 1 = 0.504 ohm (Ans.) 

r2 = K X rj = 0.496 x 0.504 = 0.245 ohm (Ans.) 
r^ = X rj = (0.496)^ x 0.504 = 0.124 ohm (Ans.) 
r^ = X rj = (0.496)5 x 0.504 = 0.0615 ohm (Ans.) 
r^ = K^xrj = (0.496)4 x 0.504 = 0.0305 ohm (Ans.) 
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Section Practice Problems 


Numerical Problems 

1. Calculate the starting torque to full-load torque of a 3-phase Induction motor having short-circuit current 

4 times the full-load current with a full-load slip of 2.5%. (Ans. 0.4) 

2. Calculate the reduction In starting current and starting torque when the motor Is started by stator resistance 

starter which reduces the Impressed voltage to 80%. (Ans. 20%; 36%) 

3. A 3-phase squirrel cage Induction motor has a full-load slip of 4%. When It Is started direct on line, It 
draws starting current which Is 5 times the full-load current. What should be the transformation ratio of 
the auto-transformer to enable the motor to start with a current which Is twice the full-load current. Also 
determine the starting torque under the conditions. 

(Ans. 63.25%: 40% of T,) 

4. A 3-phase slip-ring Induction motor has a full-load slip of 2% and a starting current of 1.5 times the full¬ 
load current. If the resistance of rotor per phase Is 0.02 ohm, design a five step 6-stud rotor starter. 

(Ans. 0.336, 0.1667, 0.0826, 0.041, 0.0203 ohm) 


Short Answ er Type Questions 

Q.1. What is the need of a starter to start an induction motor? 

Ans. Starter is required to limit the starting current to predetermined value and to provide necessary protection 
to the motor. 

Q.2. Which starter has the minimum cost? 

Ans. Direct on line starter. 

Q.3. How much starting current is reduced if the motor is started with star-deita starter? 

Ans. it is reduced to 1/3^'^. 

Q.4. What protections are provided in 3-phase induction motor starters? 

Ans. Over-load protection and no-volt protection. 

Q.5. Which method is adopted to start a siip-ring induction motor? 

Ans. Rotor resistance method is used to start slip-ring induction motors? 


10.4 Speed Control of Induction Motors 

The speed of an induction motor is given by the relation 

N = N^(1-S) otN= ^(1-5) 

Hence, the speed of an induction motor depends upon three factors i.e., frequency, slip and number 
of poles for which the motor is wound. It also depends upon the supply voltage. Thus, the speed of 
an induction motor can be controlled by changing or controlling any one of these quantities. 
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10.5 Speed Control by Changing the Slip 

The speed of an induction motor can be changed by changing its slip, and the slip can be changed 
(1) by changing the rotor circuit resistance (2) by changing the supply voltage and (3) by injecting 
voltage in the rotor circuit. 


10.5.1 Speed Control by Changing the Rotor Circuit Resistance 


In the wound type motor the slip may be changed by introducing resistance in the rotor circuit and 
hence speed is changed. 

Torque developed in an induction motor is given by the expression: 


T= 


EiRi / 5 


[(/?2 / Sf + 


Rj 

The torque will remain constant if is constant. For a given torque, the slip at which a motor 


works is proportional to the rotor resistance. 

The torque-speed curve (dotted) of a slip ring induction rotor is shown in Fig. 10.9. When an 
external resistance is added in the rotor circuit, speed decreases for the same torque T, so that ratio 
Ri 

remains constant, 
o 



Fig. 10.9 Torque-speed curve when speed is controlled by changing the rotor circuit resistance 


The disadvantages of this method of speed control are 

(i) Poor efficiency: By the introduction of external resistance in the rotor circuit, there is extra 
power loss (I^R) in the rotor circuit which reduces the overall efficiency of the motor. 

(ii) Poor speed regulation: When speed of the induction motor is controlled by adding some external 
resistance in the rotor circuit, the change in speed is larger when load on the machine changes 
from one value to the other. Hence the machine operates at a poor regulation. 

For illustration, refer to Fig. 10.10. When the rotor resistance is R^ and the load on the machine 
changes from half-load to full-load, the speed of the motor decreases from to N^. However, when 
some resistance is added in the rotor circuit so that its value becomes R 2 (i.e., /?2 > Rf), then the speed 
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changes from to when load on the motor changes from half-load to full-load. It is very clear 
that is larger than - N 2 . Hence the machine operates at a poor regulation. 



Fig. 10.10 Torque-speed curve representing the effect on maximum torque when speed 
is changed by changing the rotor circuit resistance 


10.5.2 Speed Control by Controlling the Supply Voltage 


Slip or speed of a motor can also he changed hy controlling the voltage fed to the motor. We have 
already seen that the torque developed hy the motor is directly proportional to the square of the supply 
voltage. If the supply voltage is decreased, the torque developed by the motor decreases rapidly (T 
oc V^) and to pick-up the load slip increases or speed decreases. 

For illustration, look at Fig. 10.11. At rated voltage and given load, the speed of the motor is Ny If the 
supply voltage is reduced (say to 90%), the speed of the motor decreases to to pick-up the given load. 


V= rated value 



Load 

torque 


Ns 


Fig. 10.11 Torque-speed curve when speed is changed by changing the suppiy voitage 


This method is never used for the speed control of three-phase large induction motors because the 
voltage control devices are very costly and bulky. However, this method is usually employed with 
single-phase induction motors e.g., ceiling fans, etc. 
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10.5.3 Speed Control by Injecting Voltage in the Rotor Circuit 

The speed of an induction motor can also be controlled by injecting a voltage at slip frequency 
directly into the rotor circuit. This method of speed control is discussed in detail in Art.no.10.9. First 
of all, this method was introduced by K.H. Schrage of Sweden and the motor in which this method 
is employed is called Schrage motor, (shall be dealt in detail in the next chapters) If the injected 
emf has a component directly opposite to the rotor induced emf, the motor speed decreases. On the 
other hand, if the injected emf has a component in phase with the rotor induced emf the motor speed 
increases and may rises beyond the synchronous speed. 

Now-a-days, Schrage motors are not preferred because of their heavy cost and bulky construction 
but these are still employed in large printing presses like newspaper printing. 


10.6 Speed Control by Changing the Supply Frequency 

The frequency of the power supply is constant, therefore, to control the speed of an induction motor 
by this method, the induction motor is connected to the alternator operating independently. To control 
the speed, the frequency of the alternator is changed. This is a costly affair. 

Recent improvements in the capabilities of controlled rectifiers (SCR) and continued decrease 
in the cost of their manufacturing, it has made it possible to control the speed of induction motor 
by controlling the supply frequency fed to the motor. By this method 5 to 10% of rated speed of 
induction motors can be controlled. However, if the speed is to be controlled beyond this value, the 
motor design has to be changed accordingly. 

Further, If the speed of the motor is changed by changing the frequency, to keep the flux level 
constant in the stator core, supply voltage is also changed so that v/fis kept constant. 


10.7 Speed Control by Changing the Poles 

By means of suitable switch, the stator winding connections can be changed in such a manner that 
the number of stator poles is changed. This changes the actual speed of motor since actual speed of 
the motor is approximately inversely proportional to the number of poles. 

By suitable connections one winding can give two different speeds. 

Suppose there are four coils per phase. If these are connected in such a way that they carry 
current in same direction then it will form eight poles altogether as shown in Fig. 10.12(a). Now if 
the connections are such that the alternate coils carry current in opposite directions, we get four 
poles altogether as shown in Fig. 10.12(f>). 

If more than two speeds are required. Two separate winding are housed in same slots and if each 
is arranged to give two speeds then two windings can give four different speeds. 

In squirrel cage motors, the rotor poles are adjusted automatically. However, in wound type motors, 
care has to be taken to change the rotor poles accordingly. Moreover, due to flux distribution, the pf 
of the motor is also affected by changing the number of poles to obtain different speeds. If the speed 
is decreased by increasing the number of poles the power factor of the motor decreases. 
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Fig. 10.12 Speed control by changing the number of poles. 


10.8 Speed Control by Cascade Method 

A method of speed control of induction motor involving two or more motors is known as cascade 
method of speed control. The two machines are mechanically coupled with each other, one of them 
must be a slip ring induction motor. Mostly both slip ring motors are used having transformation 
ratio equal to unity. In this case supply is connected to the stator of one of the induction motor and 
the induced emf of the rotor from slip rings is fed to the stator or rotor of the second induction motor, 
as shown in Fig. 10.13. 



(a) Rotor induced emf of first motor 
fed to the stator of the next 


(b) Rotor induced emf of first motor 
fed to the rotor of the next 


Fig. 10.13 Motors connected In cascade 
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If Pj and Pj are the number of poles of the two machines and/is the supply frequency, then the 
set can give the following different speeds: 

(i) When machine I works alone: 


The synchronous speed = 


120 / 


(h) When machine II works alone; 


The synchronous speed = 

”2 

{Hi) When machine I and II are connected in cumulative cascade i.e., the torque of the two motors 
are in same direction; 


The synchronous speed of the set = 

(iv) When machine I and II are connected 
in opposite direction; 

The synchronous speed of the set = 

To prove the above relations, proceed as follows: 

Let, /be the supply frequency and P^ and P 2 be the number of poles of machine I and II respectively, 
then 

Synchronous speed of motor -1, 

M 

Speed of motor-1 with slip S^,N^= (1 - S';) = ^ (1 - S'j) ...(/) 

"1 

Frequency of the emf induced in the rotor of motor-1 fed to the motor-2 ,/2 = S'^x/ 


120 / 

^1+^2 

in differential cascade i.e., the torque of the motors are 

120 / 

^1-^2 


Synchronous speed of motor-2, N. 


120 /2 120 SJ 


S 2 


120 S f 

Speed of motor-2 with slip S 2 , = — * (1 — S 2 ) 

"2 

Since the two motors are mechanically coupled with each other must be equal to A^ 2 - 
Therefore, equating eqn. (i) and {ii), we get 

M ^2 

I-Si ^ Si {1-S2) 

Pi P2 

1 - - S’; 52 


.. .(ii) 


.. .{Hi) 
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or 


Neglecting Sj S 2 being very small, we get 

1-^1 ^ ^ 

Px Pi 

1-^1 ^ A 

Pi 

^-i = A 
Pi 

1 _ P\^ Pi 


or 


' Px+Pi 


Thus, cascaded speed, N = 1 - n 

P\ MV M + Pi 


N-- 


120 / 

Pi+Pi 


m 


Now, if the electrical connections are such that the torques of two motors are acting in opposite 
direction, then from eqn. {Hi), 


1 — tSj — S'j + tSj 5*2 


or 


Pi Pi 

1-^1 ^ zil 
Pi Pi 


or 


1-^1 ^ zA 
Pi Pi 


■ ■■(v) 


or 


^ - 1 = -3- or ^ 

Si P2 S, P2 


Si = 


Pi-Pi 


Thus, cascaded speed, N = ^ (1 - 5[) = — 


1 - 


Pi-PiJ 


„ -120 / „ 120 / 
N = — - i- or N = 


Pi-Pi 


Pi-Pi 


...{vi) 


10.9. Speed Control by Injecting an emf in the Rotor Circuit 

In this method, the speed of a 3-phase slip-ring induction motor is controlled by injecting a voltage (or 
emf) in the rotor circuit. While injecting emf in the rotor circuit, we are to take care for its frequency 
which must be the same as that of the rotor frequency of the induction motor. Although there is no 
restriction as to the phase of the injected voltage. 
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If the injected voltage is in phase with the rotor induced emf, it amounts to decrease in the rotor 
resistance, on the other hand, if the injected voltage is in phase opposition to the rotor induced emf, 
it amounts to increase in rotor resistance. 

Hence, by changing the phase of the injected emf, which in effect changes the rotor resistance, 
the speed of the motor can be changed. 

The following systems are used to control the speed of slip-ring induction motors: 

10.9.1 Kramer System of Speed Control 

This system of speed control was suggested by Kramer as illustrated below: 

It consists of a rotary converter C which converts the low slip frequency AC power into DC. 
This DC power is used to drive a DC shunt motor D mechanically coupled to the main motor M, as 
shown in Fig. 10.14. 



When 3-phase AC supply is given to the main slip-ring induction motor M, an emf at slip frequency 
is induced in the rotor. This emf induced in the rotor at slip frequency is given to the rotary converter 
C through slip, rings. The DC output of rotary converter C is given to DC motor D. Both DC motor 
D and rotary converter C are excited from DC bus-bars (or from exciters). The field of DC motor D 
can be regulated which regulates its back emf and hence the DC potential at the commutator of 
C which further controls the slip-ring voltage and therefore, the speed of motor M. 

This method of speed control is used for the speed control of large motors of capacity 4000 kW 
or above. The major advantage of this method is that any speed, within the working range, can be 
obtained instead of only in two or three steps, as with other methods of speed control. 

Another major advantage of this method is that the power factor of the main motor can be improved 
by over-exciting the rotary converter. 


10.9.2 Scherbius System of Speed Control 

The other method employed to control the speed of large size slip-ring induction motors is scherbius 
system of speed control. In this system, the slip frequency energy is not converted into DC and then 
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fed to a DC motor, rather it is fed directly to a specially designed 3-phase (or 6-phase) commutator 
motor C called a scherbius machine, as shown in Fig. 10.15. 



Fig. 10.15 Scherbius system of speed control 


The slip frequency emf developed in the rotor of slip-ring induction motor is fed to the poly¬ 
phase winding of scherbius machine C through a regulated transformer RT. The commentator motor 
(scherbius machine) C is a variable speed motor and its speed can be controlled by either varying the 
tapings on regulating transformer RT or by adjusting the position of brasher placed on its commentator. 
Since main motor M is mechanically coupled to scherbius machine hence, the speed of main motor 
is controlled as per need. 

This system of speed control of heavy slip-ring induction motors is preferred over Kramer system 
since it is more economical because DC motor is not required in this case. Moreover, it provides 
smooth operation. 


Example 10.9 

A 3-phase, 4-pole, 50Hz slip-ring induction motor is rotating at a speed of 1440 rpm at full-load. 
Its rotor resistance is 0.25 ohm per phase. What external resistance should be added in the rotor 
circuit to reduce the speed to 1320 rpm, the torque is to be kept the same. 


Solution: 

Here, R 2 = 0.25 ohm ; / = 50 Hz ; F = 4 ; = 1440 rpm ; N 2 = 1320 rpm 

Torque developed, T = f ^2 ^ SE^ 

[R2^+{SX2sf] 

(Rejecting S X 2 ^ not given) 

K S 

T = - (Where K is a constant) 





Starting Methods and Speed Control of Three-Phase Induction Motors 


853 


In first case, 

Ti = 

In second case. 

T2 = 


^5 = 


5i = 


Since Tj = T 2 equating equation (/) and (ii), 

^ = 
Ri 


r = 


KS2 
(R 2 + r) 

120/ 120x50 

—^ =- 4 -= 1500 rpm 

1500-1440 ^ 1500- 132 

1500 1500 


we get, 

Sj Sj 

R^r ” = 

^ X 0.25 - 0.25 = 0.5 ohm {Ans) 
0.04 


0.12 


■ ■■(O 
...{ii) 


Example 10.10 

The slip of a 3-phase, 6-pole, 50 Hz induction motor is 4% at full-load. Assuming rotor resistance 
per phase as 0.3 ohm, find the value of external resistance to be connected in series with each phase 
of the rotor to reduce the speed by 10%. Assume torque to remain the same. 

Solution: 


Since, 


or 


p= 6; / = 50 Hz; = 4% = 0.04; R 2 = 0.3 Q. 
120/ _ 120 X 50 


Ns = 


10 


= 1000 rpm ; iVi = Ng (1 - 5) = 1000 (1 - 0.04) = 960 rpm 


10 


Ng= X = 960 - X 960 = 864 rpm 


100 ^ 100 
Ng - N 2 1500 - 864 


N, 


1500 


= 0.424 


T. = Tp, — = ——— or R 2 + r = ^X R 2 


^xR2-R2= X 0.3 - 0.3 = 2.88 ohm (Ans.) 
S, ^ ^ 0.04 


Example 10.11 

The rotor of a 4-pole, 50 Hz, slipring induction motor has resistance of 0.25 ohm per phase and 
runs at 1440 rpm at full load. Calculate the external resistance per phase which must be added to 
lower the speed to 1200 rpm, torque remaining constant. 


Solution: 


No. of poles, P = 4 
Supply frequency,/= 50 Hz 
Rotor resistance, Rj = 0 25 ohm 
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Full load speed, N = 
Controlled speed, N' = 

Synchronous speed, = 
Full load slip, S = 


1200 rpm 

120/ 120x50 

PA 

N,-N ^ 1500 - 1400 ^ 
N, 1500 


Let the external resistance per phase added 
Then total rotor circuit resistance = 

Slip at 1200 rpm S 2 = 


in the rotor circuit to control the speed be r. 
R^ + r 

N,-N2 1500- 1200 

N, 1500 


For constant torque, ratio of 


Si 


R 2 + r 
constant = — 

S 2 


R2+r = 



X 0 • 2 = 1-25 ohm 

0 • 04 


r = 1.25 - = 1'25 - 0-25 = 1 ohm (Ans.) 


Section Practice Problems 


Numerical Problems 

1. A 3-phase, 400 V, 6-pole, 50 Hz slip-ring induction motor has rotor resistance 0.2 ohm per phase and 
runs at 960 rpm at full-load. What value of external resistance is required to be added in the rotor to lower 
the speed to 800 rpm, torque remaining the same. (Ans. 0.8 ohm) 


Shor^An^wer Type Questions 

Q.1. What are the factors on which speed of an induction motor depends? 

Ans. Speed of an induction motor depends upon supply voltage, supply frequency, slip and number of poles 
of the stator. 


Q.2. If the speed of an induction motor is decreased hy increasing the number of poles, how does it 
affect the pf of the motor? 

Ans. The pf of the motor will reduce. 


Q.3. If two slip-ring induction motors having poles and are cascaded, how many step-speeds can 
he obtained? 


Ans. 


/Vji - 


120 f 


; /Vco - 


120 f 


I ^S3 - 


120 f 
Pi+P, 


;/Vs4 - 


120f 

P1-P2 


Review Questions 

1. What are the various methods of speed control of 3-phase induction motors? Explain the working of a 
direct-on-line starter with neat sketch. 
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2. How over-load relay and no-volt relay protect the induction motor? 

3. Explain with the help of a neat sketch the working of a star-delta starter. 

4. Why a starter is required to start a 3-phase induction motor? Explain how an auto-transformer starter 
limits the starting current? 

5. Explain with the help of a neat sketch the working of an auto-transformer starter. 

6. Explain how a stator resistance starter limits the starting current when used to start a 3-phase squirrel 
cage induction motor. What are its disadvantages? 

7. Explain the working of a rotor rheostat starter used for a 3-phase slip-ring induction motor with the help 
of neat sketches. 

8. Compare the star-delta and auto-transformer method of starting of 3-phase squirrel cage induction motors 
on the basis of starting torque and starting current, adoptability to motor ratting and starting conditions. 

9. What are the factors which determine the speed of a 3-phase induction motor? Name various methods 
of speed control of 3-phase induction motor. 

10. Draw and explain the speed torque characteristics of a 3-phase induction motor when its speed is controlled 
by (/) changing the rotor circuit resistance and (/'/) controlling the supply voltage. 

11. Discuss any two methods of speed control of 3-phase squirrel cage induction motors. 

12. Discuss any two methods of speed control of 3-phase slip-ring induction motors. 

13. Discuss the torque-speed characteristics of induction motor under l//f speed control. 

14. Discuss the method of speed control of 3-phase squirrel cage induction motor by changing the number 
of poles. 

15. What is the basic principle of speed control of 3-phase induction motor by pole changing method? Explain 
how two different torque-speed characteristics are obtained for pole changing method. 

16. Explain the method of speed control of 3-phase slip-ring induction motor by changing the rotor circuit 
resistance. What are advantages and limitations of this method? 

17. Explain cascade arrangement for controlling the speed of three-phase slip-ring induction motors. 

18. Explain Kramer system of speed control of 3-phase slip-ring induction motors. 

19. Explain Scherbins system of speed control of 3-phase slip-ring induction motors. 

20. Explain the principle of speed control of 3-phase induction motor by injecting voltage. Explain Kramer 
system of speed control of 3-phase induction motors. 


Multiple Choice Questions 

1. An induction motor will draw largest starting current when employed with, 

(a) reduced voltage starting. (b) star-delta starting 

(c) auto-transformer starting. [d) direct-on-line starting. 

2. If an induction motor is started by a star-delta starter what tapping of an auto transformer starter will 
provide the same results. 

(a) 50%. (b) 33.33%. 

(c) 57.7%. (b) 73.2%. 
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3. The star-delta starting of a 3-phase squirrel cage induction motor in comparison to DOL starting shall 
have 

(a) more starting current [b) reduced starting current 

(c) more starting torque (d) more acceleration. 

4. In V/f speed control technique 

(a) air gap flux is kept constant. {b) power developed is kept constant. 

(c) torque developed is kept constant. {d) rotor speed is kept constant. 

5. Rotor resistance speed control method is used in 

(a) synchronous motor [b) DC motor 

(c) slip-ring induction motor (rf) squirrel cage induction motor. 


Keys to Multiple Choice Questions 
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Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

^ What are the various types ot 1-phase motors? 

^ What is two-tield revolving theory? 

■/ How a rotating field is produced when two-phase AC supply is given to a two-phase wound motor? 
^ How a 1-phase induction motor is made self-starting (split-phase motor). 

^ How a capacitor affects the starting torque ot a single-phase induction motor when placed in 
the starting winding? 

^ What is a shaded pole motor? 

^ What is a reluctance motor? 

✓ What is a 1-phase synchronous motor? 

V What is a hysteresis motor? 

^ What is a universal motor and what are its charactistics? 

^ How is a 1-phase induction motor selected tor an application? 


lntro(Juction 

Although, 3-phase induction motors are invariably employed in the industry for bulk power conversion 
from electrical to mechanical. But for small power conversions 1-phase induction motors are mostly used. 

These motors, usually have output less than one horse-power or one kilowatt, hence are called 
fractional horse-power or fractional kilowatt motors. AC single-phase, fractional kilowatt motors 
perform variety of services in the homes, offices, business concerns, factories etc. Almost in all the 
domestic appliances such as refrigerators, fans, washing machines, hair driers, mixer grinders etc., 
only 1-phase induction motors are employed. In this chapter, we shall focus our attention on the 
general principles, operation and performance of single-phase induction motors. 


11.1 Classification of Single-phase Motors 

Usually, single-phase motors are built in fractional horse-power range and are called as fractional 
horse-power (FHP) or fractional kilo-watt (FKW) motors. These motors may be classified into the 
following four, basic categories: 
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1. Single-phase induction motors 
(i) split-phase type 

2. AC series motors or universal motors 

3. Repulsion motors 

(i) Repulsion-start induction-run motors 

4. Synchronous motors 
(i) Reluctance motors 


(ii) capacitor type {iii) Shaded-pole type 

(ii) Repulsion-induction motors 
(ii) Hysteresis motors. 


11.2 Single-phase Induction Motors 

A single-phase induction motor is very similar to a 3-phase squirrel cage induction motor in 
construction. The pictorial disassembled view of a single phase induction motor is shown in Fig. 11.1. 
Similar to 3-phase induction motor it consists of two main parts namely stator and rotor. 



Fig. 11.1 Dismantled view of a 1-phase induction motor 

1. Stator: It is the stationary part of the motor. It has three main parts, namely. (/) Outer frame, 
{ii) Stator core and {Hi) Stator winding. 

(i) Outer frame: It is the outer body of the motor. Its function is to support the stator core 
and to protect the inner parts of the machine. Usually, it is made of cost iron. 

To place the motor on the foundation, feet are provided in the outer frame as shown in 
Fig. 11.2(a). 



Short 



(b) Rotor 


Fig. 11.2 Single-phase induction motor 
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(ii) Stator core: The stator core is to carry the alternating magnetic field which produces 
hysteresis and eddy current losses. To minimise these losses high grade silicon steel 
stampings are used to build core. The stampings are assembled under hydraulic pressure 
and are keyed to the outer frame. The stampings are insulated from each other by a thin 
varnish layer. The thickness of the stamping usually varies from 0.3 to 0.5 mm. Slots are 
punched on the inner periphery of the stampings to accommodate stator winding. 

(iii) Stator winding: The stator core carries a single phase winding which is usually supplied 
from a single phase AC supply system. The terminals of the winding are connected in 
the terminal box of the machine. The stator of the motor is wound for definite number of 
poles, as per the need of speed. 

2. Rotor: It is the rotating part of the motor. A squirrel cage rotor is used in single phase induction 
motors. 

It consists of a laminated cylindrical core of some high quality magnetic material. Semi-closed 
circular slots are punched at the outer periphery. Aluminium bar conductors are placed in these 
slots and short circuited at each end by aluminium rings, called short circuiting rings, as shown 
in Fig. 11.2(b). Thus, the rotor winding is permanently short circuited. 

The rotor slots are usually not parallel to the shaft but are skewed. Skewing of rotor has the 
following advantages: 

(a) It reduces humming thus ensuring quiet running of a motor, 

(b) It results in a smoother torque curves for different positions of the rotor, 

(c) It reduces the magnetic locking of the stator and rotor, 

(d) It increases the rotor resistance due to the increased length of the rotor bar conductors. 

The other miscellaneous parts of a 1-phase induction motor are shaft, bearings, end-rings, fan, 
nut-bolts, etc. as shown in disassembled view of the motor (see Fig. 11.1) 


11.3 Nature of Field Produced in Single Phase Induction Motors 

The field produced in a single-phase induction motor can be explained by double revolving field 
theory which is given below: 

This theory is based on the “Ferraris Principle” that pulsating field produced in single phase 
motor can be resolved into two components of half the magnitude and rotating in opposite direction 
at the same synchronous speed. 

Thus the alternating flux which passes across the air gap of single phase induction motor at stand 
still consists of combination of two fields of same strength which are revolving with same speed, 
one in clockwise direction and the other in anticlockwise direction. The strength of each one of 
these fields will be equal to one half of the maximum field strength of the actual alternating field 
as shown in Fig. 11.3 (a). 

Let (j)^ be the pulsating field which has two components each of magnitude ^^/2. Both are rotating 
at the same angular speed (o^ rad/sec but in opposite direction as shown in Fig. 11.3 {a). The resultant 
of the two fields is cos ft This shows that resultant field varies according to cosine of the angle ft. 
The wave shape of the resultant field is shown in Fig. 11.3 ib). 
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(a) Phaser diagram (b) Wave diagram 

Fig. 11.3 Two field revolving theory 


Mathematically 


Consider the phasor diagram shown in Fig. 11.3 (a), where two magnetic fluxes each of magnitude 
(l)J2 are revolving in opposite direction. At any instant t, the two fluxes have been rotated through 
angle 6(6= cot). To determine the resultant value at this instant, resolve the flux vectors along x-axis 
and y-axis; 


Total value of flux along x-axis 
Total value of flux along y-axis 


‘I’m ‘I’m 

— cos 03t + — COS (Ot = (j)^ COS (Ot 

sin (Ot - = 0 


Resultant flux, cj) = cos cot)^ + (0)^ = (j)^ cos cot 

Thus an alternating field can be represented by the two fields each of half the magnitude rotating 
at same angular (synchronous) speed of co^ radians/sec but in opposite direction. 


11.4 Torque Produced by Single-phase Induction Motor 

The two revolving fields will produce torques in opposite directions. Let the two revolving fields 
be field No. 1 and field No. 2 revolving in clockwise and anticlockwise direction. The clockwise 
field produces torque in clockwise direction, whereas, the anticlockwise field produces torque in 
anticlockwise direction. The clockwise torque is plotted as positive and anticlockwise as negative 
as shown in Fig. 11.4. At stand still, slip for both fields is one. At synchronous speed, for clockwise 
direction, the field-1 will give condition of zero slip but it will give slip = 2 for field No. 2. Similarly, 
at synchronous speed in a counter clockwise direction, will give condition of zero slip for field -2 
but slip = 2 for field No. 1. The resultant torque developed in the rotor is shown by the curve passing 
through zero position as shown in Fig. 11.4. 

Now, if we examine the resultant torque it is observed that the starting torque (torque at slip = 1) is 
zero. And except at starting there is always some magnitude of resultant torque, (see at position 1-1', 
the torque developed by field-1 is dominating, therefore, motor will pick-up the speed in clockwise 
direction, similarly, at position 2-2', the torque developed by field-2 is dominating, therefore, motor 
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will pick-up the speed in anti-clockwise direction). This shows that if this type of motor is once 
started (rotated) in either direction it will develop torque in that direction and rotor will pick-up the 
required speed. 


Torque developed 
by field -1 



Fig. 11.4 Graphical representation of torque developed 


The above analysis shows that single phase induction motor with single winding develops no 
starting torque but if the rotor is rotated in any direction by some auxiliary means in will develop 
torque in the same direction and will start rotating in that direction. So the problem is to find out 
the auxiliary means to give the starting torque to the motor. 


11.5 Equivalent Circuit of Single-phase Induction Motor 

The equivalent circuit of a single-phase induction motor may be drawn on the basis of two revolving 
field theory. Accordingly, each of the field is producing emf in the rotor by induction. Therefore, 
a single-phase induction motor may be imagined to have common stator but two rotors revolving 
in opposite directions. Where, each rotor has resistance and reactance half the actual rotor values: 
Let Rj be the resistance of stator winding 
Xj be the leakage reactance of stator winding 
be the total magnetising reactance 
be the total magnetising resistance 
’ be the resistance of rotor referred to stator 
X 2 ’ be the reactance of rotor referred to stator 

While developing the equivalent circuit, it is considered that the stator is having only one winding. 
The equivalent circuit can be developed under stand-still (at start) and running (operating) conditions. 

At Standstill Conditions 

At standstill, the motor is considered simply as a transformer with its secondary short-circuited. 
The only difference is that in this case, two fields are considered revolving in opposite direction. 
Therefore, for each field rotor resistance and reactance is considered to be half the value, i.e., 
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and X 2 / 2 . Moreover, each rotor is associated with half the total magnetising reactance and resistance 
i.e., and R^2 respectively. 

The equivalent circuit of a single-phase induction motor at standstill is shown in Fig. 11.5(a), Its 
simplified circuit is shown in Fig. 11.5(b) where core loss component has been neglected. 



(a) Equivalent circuit of 1-(|) induction (b) Simplified equivalent circuit neglecting 

motor at standstill core loss component 

Fig. 11.5 Equivalent circuit of 1-phase induction motor at standstill. 


Here, = AAA fN (j)^ 

and = AAA fN 

At standstill, cj)^ = 

therefore, E^ = 

Now, as per circuit, V = Ef + Eh = I\Zf+fZh 

Where = impedance of forward parallel branch 

= impedance of backward parallel branch 


At Running Condition 

At running condition, if the rotor is rotating in the direction of the forward revolving field with the 
slip S, the rotor current produced by the forward field will have a frequency Sf. At the same time 
the rotor current produced by the backward field will have a frequency (2-S)f. Accordingly, the 
equivalent circuit of single-phase induction motor at running condition is drawn and shown in Fig. 
11.6(a). Whereas, it is simplified in Fig. 11.6(b) where core loss component R^ has been neglected. 

Total circuit impedance, 

Zt = Z\ + Zf + Zh 
Zi = Ri + 


Z/ 






Where, 
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(a) Equivalent circuit of 1-(|) induction 
motor at running condition 


(b) Simplified equivalent circuit neglecting 
core loss component 


Fig. 11.6 Equivalent circuit of a 1-(^ induction motor at running condition 


Example 11.1 

The following are the parameters of a 230V, 50 Hz, 4-pole, single phase induction motor Rj= 2.2fl; 
Xj= 3.0Q; R\ = 3.8^; X ’2 = 2.1Q; = 86Q. 

Calculate the input current and power when the motor is operating at full-load speed of 
1410 rpm. 

If the mechanical losses (iron and friction loss) are 60 W, determine gross power developed, 
useful power at the shaft, shaft torque and efficiency. 


Solution: 

Here, V = 230 V;/= 50 Hz; P = A\N = 1410 rpm 

/?! = 2.2 Zj = 3.0 R^ = 3.8 Q.-, R^ = 2.1= 86 
For equivalent circuit, refer to Fig. 11.6 (b). 


Synchronous speed, 


120/ _ 120 X 50 


= 1500 rpm 


Slip, 5 : 


Ri 


2S 


R'l 


2(2 - S) 


Ns-N 

N, 


3.8 


1500- 1410 


1500 


= 0.06 


^2 _ 2.1 


. = 31.67 = = 1.05 

2x0.06 2 2 

= 0.98 Q.- % = ^ = 43 £2 
2(2 - 0.06) 2 2 


Now, 
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Z 


/ 




K 

2S 


+ j 


2 


+ 



y43(31.67 + yl.OS) 
31.67 + j(43 + 1.05) 


= (25.22 Z 37.61°) ohm = (19.98 + j 15.39) D. 



^ Ri 

_ 1 _ i 


7^1 

y2(2- 

S) 

2 J 

Ri 

- 1 - i 

(X 


2 ( 2 - 

S) 

12 

2 J 


;43(0.98 + jl.05) 
0.98 + ;(43 + 1.05) 


= 1.40Z48.3° = (0.933 + yi.05) Q. 

Total impedance, Zj- = 

= (2.2 + ;3) + (19.98 + ;T5.39) + (0.933 + yl.05) 

= (23.11 + yi9.44) Q = 30.2 Z40.r 

Input current, 7, = ^ = = 7.616 Z - 40.1° A 

Ij = 7.616 A (Ans.) 

Input power, P = Rj = (7.616)^ x 23.11 = 1340 W (Ans.) 
Alternately, p = V Ij cos (j) = 230 x 7.616 x cos 40.1° = 1340 W (Ans) 

The voltage across AB. i.e., 

Vf = T^Zf = 7.616Z - 40.1° x 25.22Z37.61° 

= 200. 5 Z-2.5° V 

Current in the forward parallel branch, i.e., 

T _ _ 200.5 Z - 2.5° _ 200.5 Z - 2.5° 

7 “ Zj’ ~ 31.67 + 7 1.05 “ 31.69 Z1.9° 

= 6.327 Z- 4.4° A 

The voltage across BC, i.e., 

v; = /j Z^ =7.616 Z - 40.1° X 1.40 Z48.3° 

= 10.66 Z8.2° 

Current in the backward parallel branch, i.e., 

J _ % _ 10.66 Z8.2° _ 10.66 Z8.2° 

* ~ Z 2 ’ ~ 0-98 + j 1.05 “ 1.436 Z47° 

Effective resistance of the forward branch = 7 -^ = = 31.67 

2S 2 X 0.06 


= 7.42 Z- 38.8° A 
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3 8 

The actual resistance existing in the branch = = 1.9 

It depicts that (31.67 - 1.9 = 29.77 fl) is the electrical equivalent resistance of mechanical load. 
Power developed in the forward branch 

7^2 X 29.77 = (6.327)2 ^ 29.77 = 1192 W 
3 8 3 8 

Effective resistance of the backward branch = ^ ‘ —— = ^r—^—^- 7777 :^ = 0.98 Q 

2{2 - S) 2 (2 - 0.06) 

3 8 

Actual resistance existing in the branch = = 1.9 £2 

Electrical equivalent resistance representing mechanical load 

= (0.98- 1.9)=-0.92 Q 

The negative sign indicates that the power developed produces a backward torque. 

Power developed in the backward branch, 

Pmb = 4" X (-0-92) = (7.42)2 X 92) = -51 W 
Hence, total mechanical power developed, 

4. =1192-51 = 1141 W 

Power at the shaft, — Pm~ mechanical loss = 1141 - 60 = 1081 W (Ans.) 

r Psh 60x1081 , 

Shaft torque = -— = -—^ = 7.32 Nm (Ans.) 

^ 2nN / 60 2nx 1410 

Efficiency =^ = = 0.8067 = 80.67% (Ans.) 

Pin 1340 

Example 11.2 

The gross power absorbed by the forward and backward field of a 230V, 4-pole, 50 Hz, single-phase 
induction motor is 180 W and 30 W respectively at a motor speed of1425 rpm. Find the shaft torque 
if the no-load friction losses are 50W. 


Solution: 

Here.y = 230 V; P = 4;/= 50 Hz; N = 1425 rpm 
P^= 180 W; P;, = 30 W; Mechanical loss = 50 W 


c V- .. .r 120,f 120x50 

Synchronous speed, ^ =---= 1500 rpm 


Slip, S = 


Ng-N _ 1500-1425 


N, 


1500 


= 0.05 


Power input to the rotor, P.^^^ = P^- P^ = 180 - 30 = 150 W 
Mechanical power developed, P^ = P.^9(l-5') = 150 (1- 0.05) = 142.5 W 

Power at the shaft, P , = P - Mechanical loss = 142.5 - 50 = 92.5 W 

’ sn m 
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Shaft torque, = 



sh 


2nN / 60 


92.5 X 60 
2n X1425 


= 0.62 Nm {Ans.) 


11.6 Rotating Magnetic Field from Two-phase Supply 

In case of 3-phase induction motors, we have seen that a revolving field of magnitude 1.5 is 
produced in the stator core when 3-phase AC supply is given to its 3-phase stator winding. Similarly, 
a 2-phase balanced AC supply also produces a rotating magnetic field of constant magnitude (j)^. 

Let us see how? 

Consider the stator of a 2-pole machine having two phase winding represented by the concentric 
coils a-a’ and b-b’ respectively as shown in Fig. 11.7. 



Fig. 11.7 Stotar carrying 2-phase winding 

Let a 2-phase supply having wave diagram shown in Fig. 11.8(a) is applied to the stator winding. 
Phase-1 is connected to coil a-a’ and phase-2 is connected to coil b-b’. Alternating currents having 
the same wave shape as that of supply voltage start flowing through the coils and produce their own 
magnetic field (each). The phasor diagram of the fields at an instant is shown in Fig. 11.8(b). The 
positive half cycle of the alternating current is considered as inward flow of current [cross in a circle 
©] and negative half cycle as outward flow of current (dot in a circle O). This abbreviation is marked 
in the start terminals of the two coils i.e., a and h, respectively. Whereas, the direction of flow of 
current is opposite in the other two ends of the coils. 



(^2) 

A 


-^ 90 ° 

O 


(9^1) 


(b) Phasor diagram 


Fig. 11.8 Wave diagram and phasor diagram of fieids produced by 2-phase suppiy 
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The two fields are given by the equations: 

^1 = 0 {or mt) 

(j >2 = (j>^ sin (9 + 90°) 
Considering instants: 


6 >= 0 ° 
t^-e=A5° 
1^-9= 90° 


t^-9^ 180° 
t^-9= 225° 
tf,- 9= 270° 



Fig. 11.9 Various instants marked on the wave diagram 
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Let us see the position of the resultant magnetic field at various instants marked in Fig. 11.9 



(a) Position of the resultant field (b) Phaser position of the resultant field 

Fig 11.10 Flow of current in coil-sides and position of resultant tield at instant f, 


At an instant tj, when 0=0, the flow of current in the start terminal of coil a-a’ i.e., a is zero, 
whereas the start terminal of b-b, i.e., b it is positive. Accordingly, current in terminal a is zero and 
in a’ also zero but in terminal b it is ©, whereas in b’ it is O as shown in Fig. 11.10(a). The magnetic 
field produced in the stator core at instant tj is shown in Fig. 11.10(a). represents the direction of 
axis of the resultant field. 


When 9=0 
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d), = d) sin 6 = d> sin 0° = 0 

d >2 = d>,n^in (9+ 90°)= d>„sin 90° = d>„ 

0s = 01 + 02 = 0 + 4 4 or = 0 ^ 

The phasor representation of the resultant field or 0^ = 0^ is shown in Fig. 11.10(b). The 
magnitude of the resultant field is 0 ^. 

At an instant t 2 when 9 = 45°, the flow of current is start terminal of coil a-a’ i.e., a is positive 
as well as in start terminal of coil b-b; i.e., b is also positive as shown in wave diagram Fig. 11.9(a). 
Accordingly, the direction of flow of current in start terminals of the two coils i.e., a and b is marked 
as © but the flow of current in the finish terminals of the two coils i.e., a’ and b’ is O as shown in 
Fig. 11.11(a). 


e 



(a) Stator with field position at instant t 2 (b) Phasor diagram of resultant field 

Fig. 11.11 Axis of resultant field in the stator core at instant tj 


The magnetic field produced in the stator core at instant t 2 is shown in Fig. 11.11(a). represents 
the direction of axis of resultant main field. 

When 9 = 45° 


d)j = d>„ sin 9=d>„ sin 45° = 0.707 0^ 

02 = 0„ sin (9+ 90°) = 0^ sin 135° = 0.707 0^ 
~ 01 02 


/(0.707 0^)2+(0.707 0^)2 = <&„ 


0 = tan ' 



0 - 7070 ^ 

0.7070^ 


45° 


The phasor representation of the resultant field or 0^ = 0^^ is shown in Fig. 11.9(b). The magnitude 

of the resultant field is 0^^ but it has rotated through an angle 9= 45° with respect to its first position. 

At an instant ty when 9= 90°, the flow of current in the start terminal of coil a-a’, i.e., a is positive, 
whereas, in the start terminal, of coil b-b i.e., ‘b’ is zero. Accordingly, current in terminal a is © and 
in a’ it is 0 whereas, in conductor b and b’ it is zero as shown in Fig. 11.12(a). The magnetic field 
produced in the stator core at an instant is shown in Fig. 11.11(a). F^ represents the direction of 
axis of the resultant field. 
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0 =9o» Instant-t3 

Instant-t3 


(a) Stator with field position at instant t2 (b) Phasor diagram of resultant field 

Fig. 11.12 Axis of resultant field in the stator core at instant 

When 9 = 90° 

(j>, = (j> sin 9= d sin 90° = d 

t} Tffi Ytn Ttn 

(j)^ = (j>^ sin (9 + 90°) = sin 180° = 0 
= 01 + 02 = + 0 = 0m or 4 = (j)^ 

The phasor representation of the resultant field or is shown in Fig. 11.12(b). The 

magnitude of the resultant field is but it has been rotated through an angle 90° with respect to 
its first position. 

Similarly, the position of the axis of the resultant field set-up in the stator at various instants {t^ 
t^andtg) are shown in Fig. 11.13, whereas, the phasor representation and magnitude of resultant field 
at various instants (f^, and fg) are shown in Fig. 11.14. Thus, the resultant phasor completes one 
revolution in one cycle. 

From the above discussion, it is revealed that when a 2-phase AC supply is given to a 2-phase 
wound stator of a machine, a resultant field of magnitude is produced which rotates in the space 



” Instant-tc Instant-tg 

Instant-t4 ° ° 

(a) Stator field (b) Stator field (b) Stator field 

position at instant-t4 position at instant-tg position at instant-tg 

Fig. 11.13 Stator with field position at various instants (t 4 fjandfg) 
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id 




I 

I 


=-0.707 


0R 



(negative) 



0=180“ 0=225“ 0 =270“ 

Instant-t 4 Instant-ts Instant-tg 


(a)Phasor diagram of (b)Phasor diagram of (b)Phasor diagram of 

resuitant fieid at t 4 resuitant fieid at tj resuitant fieid at t^ 

Fig. 11.14 Phaser position of the resuitant fieid at various instants ((4 fjand fg) 


11.7 Methods to make Single-phase Induction Motor Self-starting 

As discussed, a single-phase induction motor inherently is not self-starting. To make it self-starting, 
some method is required to be evolved to produce a revolving magnetic field in the stator core. This 
may be obtained by converting a single-phase supply into two-phase supply which can be achieved 
by using an additional winding (this additional winding may be or may not be disconnected once 
the motor starts and picks-up the speed) or by creating another field (by induction) using a short 
circuiting band or ring. Accordingly, depending upon the method used to make a 1-phase induction 
motor self-starting, single-phase induction motors can be classified as: 

1. Sprit-phase motors: These motors are started by employing two-phase motor action through 
the use of an auxiliary winding called starting winding. 

2. Capacitor motors: These motors are started by employing two-phase motor action through 
the use of an auxiliary winding with capacitor. 

3. Shaded-pole motors: These motors are started by the interaction of the field produced by a 
shading band or short circuiting ring placed around a portion of the pole structure. 

Example 11.3 

A single-phase induction motor draws a current of 0.5 A at 230 V and 0.6 lagging p.f. If it runs at 
a speed of 100 radian per second and develops an output torque of 0.3 Nm, find its output power 
and efficiency. 

Solution: 

Here, V = 230 V; / = 0.5 A; cos f = 0.6 lagging; co = 100 rad/s 
Output torque, T = 0.3 Nm 
Output power, = coT = 100 x 0.3 = 30 W 

Input power P.^ = V7 cos f = 230 x 0.5 x 0.6 = 69 W 

Efficiency, 77 = x 100 = || X 100 = 43.48% {Ans.) 
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11.8 Split Phase Motors 

Construction 

The outer frame and stator core of a split-phase motor is similar to the outer frame and stator core 
of a 3-phase induction motor as shown in Fig. 11.2. It is provided with an auxiliary stator winding 
called starting winding in addition to main winding. These windings are placed in the stator slots. 
Both the windings are put in parallel as shown in Fig. 11.15(fl). The purpose is to get two different 
currents sufficiently displaced from each other so that a revolving field is produced. The main winding 
which is highly inductive is connected across the line in the usual manner. The auxiliary or starting 
winding has a greater resistances and lesser reactance as compared to main winding. 

The current in the starting winding lags the supply voltage by lesser angle (j)^ whereas the current 
in the main winding 1^ being highly inductive lags the supply voltage by greater angle as shown 
in Fig. 11.15(^7). The two currents have a phase difference of 0° electrical. Thus, a revolving field is 
set-up in the stator and a starting torque is developed in the rotor. 

Main 



Centrifugal switch 

(a) Circuit diagram of a split-phase induction motor (b) Phasor diagram 

Fig. 11.15 Split-phase induction motor 


Consequently rotor starts rotating and picks up the speed. A centrifugal switch which is normally 
closed is incorporated in series with the starting winding. When the motor attains a speed about 75% 
of synchronous speed, the centrifugal switch is opened automatically with the help of centrifugal 
force and puts the starting winding out of circuit. It is important that the centrifugal switch should 
open otherwise the auxiliary winding being made of thin wire will be over heated and may damage. 


Performance and Characteristics 


A typical torque speed characteristics are shown in Fig. 11.16, the starting torque is about twice the 
full load torque. The current at start is about 6 to 8 times. The speed falls with increase in load by 
only about 5% to 7% otherwise it is a constant speed motor. Speed is governed by the relation 



rpm 


Actual speed is less than synchronous speed N^. For the same weight its rating is about 60% to 
that of the poly phase induction motor. It has lower p.f and lesser efficiency. P.f. is about 0.6 and 
efficiency is also about 60%. 
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Fig. 11.16 Torque-speed characteristics ot a spiit-phase induction motor 


Applications 

As starting torque is not so high so this machine is not used where large starting torque is required. It 
is used for smaller sizes about 0.25 h.p. It is used in washing machines, fans, blowers, wood working 
tools, grinders and various other low starting torque applications. 

Reversal of Direction of Rotation 

The direction of rotation of a 1-phase (split phase) induction motor can be reversed by reversing 
(interchanging) the connections of either starting winding or running winding. 

Example 11.4 

The main and starting winding of a 230V, 50 Hz, 190 W, 1750 rpm, resistance split-phase (1-phase) 
induction motor yields the following results when its rotor is blocked: 

Applied voltage Current Active Power 
Main winding: 45 V 4 A 120 W 

Starting winding: 45 V 1.5 A 60 W 

Calculate (i) The phase angle between 1^ and 1^ 

(ii) The locked-rotor current drawn from the lines at 230 V. 

Solution: 

Here, V = 230 V;/= 50 Hz; N = 1750 rpm 

At block rotor, for main winding, 1 = 4A; V = 45V; P , , = 120 W 
For starting winding, 1^ = 4A; V ^ = 45V; = 60 W 

(i) Let us first calculate the phase angle between and the applied voltage V for the main winding. 
Apparent power, = 45 X 4 = 180 VA 

Power factor, cos = 120 / 180 = 0.667 .-. = 48.2° 

Therefore, lags behind V by an angle of 48.2° 
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Now, we calculate the phase angle between 1^ and V for the starting winding. 
Apparent power, = 45 X 1.5 = 67.5 VA 

Power factor, cos = 60 / 67.5 = 0.89 .'. 0^ = 


= 27.3° 


Therefore, /^lags behind V by an angle of 27.3°. 

The phase angle between 1^ and 9= 0^ - 0^ = 8.2° - 27.3° = 20.9° 
{ii) Total active power, P = P^ + P^ = 120 + 60 = 180 W 


Total reactive power, P^ = P^„ + P„ = P^ tan 0^ + P^ tan 0^ 

= 120 tan 48.2° + 60 tan 27.3° = 165.18 VAR 
Total apparent power, P^ = •Jp^~-K^ = •^/(18())^~+~(1654^^ = 244.3 VA 

Short circuit line current at 45V = ^ = 5.43 A 

45 

Short circuit current at 230V = 5.43 X = 27.75 A {Ans.) 

45 

Example 11.5 

The main winding of a 230V, 0.5 HP single-phase induction motor (split-phase) draw a current of 
6 A which lags behind the voltage vector by 45°, whereas the starting winding draw a current of4A 
which lags being the voltage by 15°. Determine 

(i) Current drawn by the motor at start and its pf. 

(ii) Current draw by the motor during running and its pf. 

(Hi) Phase angle between the current drawn by the main winding and starting winding. 

(iv) Power drawn by the motor during starting and running. 

Solution: 

Here, V = 230 V; = 6A; 0^ = 45°; = 4A; 0^ = 15°; output = 0.5 HP 

Taking supply voltage as a reference vector. 

Total current drawn by the motor, / =/^+/j=6 Z - 45° + 4 Z - 15° 

= 6(cos45° - y sin45°) + 4(cos 15° - y sinl5°) 

= (4.243 -y 4.243) + 4 (3.864 -y 1.035) 

= (8.107 -y 5.278) = 9.67 Z- 33° A 

(i) Current drawn by motor, I = 9.61 A (Ans.) 

Power factor of the motor, cos 0 = cos 33° = 0.838 lagging (Ans.) 

(ii) During running, the starting winding is disconnected 

Current drawn by the motor, = 6A (Ans.) 

Power factor during running, cos 0^ = cos 45° = 0.7.7 lagging (Ans.) 

(Hi) Phase difference between vector / and A, 

6 ) = 0^ - 0^ = 45° - 15° = 30° (Ans) 
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(iv) Power drawn by motor during starting, 

Pg = VI costj) = 230 X 9.67 X cos33° = 1865.3 W (Ans.) 
Power drawn by motor during running. 

P = VI^ cos0^ = 230 X 6 X cos 45° = 975.8 W {Ans) 


Example 11.6 

The parameters of the main and starting winding of a 240 V, 50 Hz split-phase induction motor 
are given as: 

Main winding: R =6D.',X =8r2 

Starting winding: /?^ = 8 Q; = 6 Q 

Determine: 

(i) Current in the main winding (ii) Current in the starting winding 

(iii) Phase angle between I^ and I g (iv) Line current and pf of the motor 

(v) Power drawn by the motor. 

Solution: 

Here, P = 240 V ;/= 50 Hz 

R =6Q;X =8Q;/?, = 8Q;X„ = 6Q 

Taking supply voltage V as reference vector, V =VZ0° 

(i) Impedance of main winding, = (6 + 78 ) ohm = 10 Z 53.13° 

Current, 4 = ^ = = 23Z - 53.13A 

4 = 23 A; 0^ = 53.13° lagging (Ans) 

(ii) Impedance of starting winding, Zg = (8 + j 6 ) = 10 Z 36.87° Q. 

current, 7, = ^ , 23 Z - 36.87” A 

Ig = 23 A; = 36.87° lagging {Ans) 

{Hi) Phase angle between and Ig, 

0= 53.13° - 36.87° = 16.26 ° {Ans) 

{iv) Line current, 7 = 7^ + 4 = 23Z - 53.13° + 23 Z36.87° 

= 13.8 - 7 I 8.4 + 18.4 -yl3.8 = (32.2-732.2) ohm 
= 45.54 Z- 45° 

Power factor of the motor = cos 0 = cos 45° = 0.707 lagging {Ans) 

P = VI cos 0 

P = VI cos (l> = 230 X 45.54 x 0.707 = 7405 W {Ans) 


(v) Power drawn by the motor. 
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11.9 Capacitor Motors 

It is also a split phase motor. In this motor, a capacitor is connected in series with the starting 
winding. This is an improved form of the above said split phase motor. In these motors, the angular 
displacement between and can be made nearly 90° and high starting torques can be obtained 
since starting torque is directly proportional to sine of angle 6. The capacitor in the starting winding 
may be connected permanently or temporarily. Accordingly, capacitor motors may be 

1. Capacitor start motors. 2.Capacitor run motors. 3. Capacitor start and capacitor run motors. 

1. Capacitor start motors: In the capacitor start induction motor capacitor C is of large value such 
that the motor will give high starting torque since torque T x sin ^ and in this case, the phase 
angle between and is made near to 90°, as shown in Fig. 11.17(b). Capacitor employed is 
of short time duty rating. Capacitor is of electrolytic type. Electrolytic capacitor C is connected 
in series with the starting winding along with centrifugal switch S as shown in Fig. 11.17(a). 
When the motor attains the speed of about 75% of synchronous speed starting winding is cut¬ 
off The construction of the motor and winding is similar to usual split phase motor. It is used 
where high starting torque is required such as refrigerators. 

Main 



Centrifugal switch Im 

(a) Circuit diagram (a) Phaser diagram 


Fig. 11.17 Capacitor start motor 

Performance and characteristics: Speed is almost constant with in 5% slip. This type of 
motor develops high starting torque about 4 to 5 times the full load torque. It draw low starting 
current. A typical torque speed curve is shown in Fig. 11.18. The direction of rotation can be 
changed by interchanging the connection of either starting or running winding. 



0 20 40 60 80 too 

—► %speed 

Fig. 11.18 Torque-speed characteristics 
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2. Capacitor run motors (fan motors): In these motors, a paper capacitor is permanently connected 
in the starting winding, as shown in Fig. 11.19(a). In this case, electrolytic capacitor cannot be 
used since this type of capacitor is designed only for short time rating and hence cannot be 
permanently connected in the winding. Both main as well as starting winding is of equal rating. 


Main 

winding 




(a) Circuit diagram of a capacitor run motor (b) Torque-speed characteristics 

Fig. 11.19: Capacitor run motor 


Performance and characteristics. Starting torque is lower about 50 to 100% of full load 
torque. Power factor is improved may be about unity. Efficiency is improved to about 75%. A 
typical characteristics have been shown in Fig. It is usually used in fans, room coolers, 

portable tools and other domestic and commercial electrical appliances. 

3. Capacitor start and capacitor run motors: In this case, two capacitors are used one for 
starting purpose and other for running purpose as shown in Fig. 11.20(a). For starting purpose 
an electrolytic type capacitor (C^,) is used which is disconnected from the supply when the 
motor attains 75% of synchronous speed with the help of centrifugal switch S. Whereas, a paper 
capacitor is used for running purpose which remains in the circuit of starting winding during 
running conditions. This type of motor gives best running and starting operation. Starting 
capacitor which is of higher value than the value of running capacitor C^. 


Main 

winding 



(a) circuit diagram of capacitor 
start capacitor run motor 


Fig. 11.20 Capacitor 



(b) Torque-speed characteristics 


capacitor run motor 
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Performance and characteristics: Such motors operate as two phase motors giving best 
performance and noiseless operation. Starting torque is high, starting current is low and give 
better efficiency and higher p.f The only disadvantage is high cost. A typical torque speed 
curve is shown in Fig. 11.20(h). 

Example 11.7 

The main winding of a llOV, 60 Hz, 0.25 hp, single phase capacitor start motor carries a current 
of 6-ampere which lags behind the applied voltage by 42°. The starting winding carries a current 
of4A which leads the voltage vector by 40°. Calculate (i) the total starting current and the power 
factor, (ii) the phase angle between the main winding current and starting winding current. 

Solution: 

Here, /^ = 6 A; (j)^= 42° lagging; 1 = 4 A; = 40° leading 

y=110V;/=60 Hz; 0.25 HP 

Considering supply voltage as a reference phasor 

V = yz o° = iiozo° = ( 110 -j 0 )v 

Main winding current, = 6Z - 42°A = (4.6 - j3.86) A 
Starting winding current, f = 4 Z 40°A = (2.97 + j2.68) A 

Total starting current, / =7^+7^= (4.6 - j3.86) + (2.97 + j2.68) 

= (7.57 -71.18) A = 7.66 Z-8.9° A 
Starting current, 7 = 7.66 A (Ans.) 

Power factor, cos tj) = cos 8.9° = 0.988 lagging {Ans) 

Phase difference between 7^ and f, 0= <j)^-{- = 40° - (- 42°) = 82° (Ans.) 

Example 11.8 

The winding impedances of the main winding and starting winding of a 230 V, 50 Hz, 250 W capacitor 
start motor are (5 + j4) ohm and (10 + j4) ohm respectively. What value of capacitor is required to 
be connected in series with the starting winding to obtain maximum torque at the start. 

Solution: 

Here, y = 230V;/= 50Hz; = 250 W; = (5 + 74) ohm ; = (10 + 74) ohm 

(j)^ = tan“' I = 38.66° lagging 

<l>s = tan“' ^ = 28.8° lagging 

The phasor diagram of the motor is shown in Fig. 11.21. Here, the 
main winding current 7^ lags behind the voltage vector by (j)^= 38.66°, 
whereas, the starting winding current lags behind the voltage vector 
by 21.8°. The starting torque will be maximum when phase angle 
between 1 and 1 i.e., 9= 90°. 

s m ’ 



Fig. 11.21 Phasor diagram 
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Let C farad be the value of capacitor to be connected in series with the starting winding to obtain 
maximum torque at start. 

^'= 38.66°-90° =-51.34° 


From phasor diagram; tan (-51.34°) 


4-X^ 


4-X., 


= 16.5 ohm 

Capacitance of capacitor, C = —7^^ = 193 uF (Ans.) 

^ ^ 2k jX^ 2;r X 50 X 16.5 ^ 


Section Practice Problems 

Numerical Problems 

1. The following are the parameters of a 230V, 50 Hz, 2-pole, single phase induction motor: R^= 2.2Q; X^= 
3.on; R ’2 = 3.8n; X ’2 = 2.ln; X^ = 86n. Calculate the input current and power when the motor is operating 
at full-load speed of 2820 rpm. If the mechanical losses (iron and friction loss) are 50 W, determine gross 
power developed, useful power at the shaft, shaft torque and efficiency. (Ans. 7.95A; 1460W; 1138 W; 
3.67 Nm; 74.5%) 

2. A single-phase induction motor draws a current of 0.6 A at 230 V and 0.6 lagging p.f. If it runs at a speed 
of 100 radian per second and develops an output torque of 0.25 Nm, find its output power and efficiency. 

(Ans. 25 W; 30.19%) 

3. The main winding of A 230V, 0.5 HP Single-phase induction motor (split-phase) draw a current of 6.2 A 
which lags behind the voltage vector by 40°, whereas the starting winding draw a current of 4.2 A which 
lags being the voltage by 10°. 

(i) Current drawn by the motor at start and its pf. 

(ii) Current draw by the motor during running and its pf. 

(iii) Phase angle between the current drawn by the main winding and starting winding. 

(iv) Power drawn by the motor during starting and running. 

(Ans. 10.6 A; 0.88 log; 6.2 A; 0.766 log; 30°; 2043 W; 1092.3 8W) 

4. The main winding of a 110V, 60 HZ, 0.25 hp. Single phase capacitor start motor carries a current of 

6-ampere which lags behind the applied voltage by 40°. The starting winding carries a current of 4A which 
leads the voltage vector by 15°. Calculate the total starting current and the power factor starting winding 
current. (Ans. 9.77A; 0.866 lag.) 


Sh ort Answer Type Questions 

Q.l. Classify the single-phase motor. 

Ans. Single-phase motors may be classified as 

1. Single-phase induction motors 

(/) split-phase type (/'/) capacitor type (iii) Shaded-poletype 

2. AC series motors or universal motors 
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3. Repulsion motors 


(/) Repulsion-start induction-run motors 

(/'/) Repulsion-induction motors 

4. Synchronous motors 


(/) Reluctance motors 

(//) Hysteresis motors. 


Q.2. What is two-field revolving theory? 

Ans. Two-field revolving theory states that a sinusoidally varying magnetic field can be represented by two 
vectors of field having half the magnitude revolving in opposite direction at synchronous speed. 

Q.3. What is magnitude and speed of the resultant revolving field when 2-phase AC supply is given to 
a 2-phase wound stator winding? 

Ans. Magnitude of resultant field and speed of the resultant revolving field, =co^ or 

Q.4. How a split-phase method helps to make a 1-phase induction motor self-starting. 

Ans. By splitting the phase, the flux is set-up in such a way that a revolving field is set-up in the core as if it 
is produced by a 2-pbase AC supply 


11.10 Shaded Pole Motor 

Construction 

Shaded pole motor is constructed with salient poles in stator. Each pole has its own exciting winding 
as shown in Fig. 11.22(a). A l/3rd portion of each pole core is surrounded by a copper strip forming 
a closed loop called the shading band as shown in Figs 11.22(a) and (b). Rotor is usually squirrel 
cage type. 



(a) Position of main winding and shading band 



(b) Fieid produced by main winding 


Fig. 11.22 Shaded pole induction motor 


When a single phase supply is given to the stator (exciting) winding, it produces alternating flux. 
When the flux is increasing in the pole, a portion of the flux attempts to pass through the shaded 
portion of the pole. This flux induces an emf and hence current in the shading band or copper ring. 
As per Lenz’s law the direction of this current is such that it opposes the cause which produces it i.e., 
increase of flux in shaded portion. Hence in the beginning, the greater portion of flux passes through 
unshaded side of each pole and resultant lies on unshaded side of the pole. When the flux reaches 
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its maximum value, its rate of change is zero, thereby the emf and hence current in the shading coil 
becomes zero. Flux is uniformly distributed over the pole face and the resultant field lies at the centre 
of the pole. After this the main flux tends to decrease, the emf and hence the current induced in the 
shading coil now tends to increase the flux on the shaded portion of the pole and resultant lies on 
the shaded portion of the pole as shown in Fig. 11.23. 

Flence, a revolving field is set up which rotates from unshaded portion of the pole to the shaded 
portion of the pole as marked by the arrow head in Fig. 11.23. Thus, by electromagnetic induction, a 
starting torque develops in the rotor and the rotor starts rotating. After that its rotor picks up the speed. 

Performance and Characteristics 

A typical speed torque characteristics is shown in Fig. 11.24. The starting torque of this motor is very 
small about 50% of full load torque. Efficiency is low because of continuous power loss in shading 
coil. These motors are used for small fans, electric clocks, gramophones etc. 

Its direction of rotation depends upon the position of the shading coil, i.e., which portion of the pole 
is wrapped with shading coil. The direction of rotation is from unshaded portion of the pole to the 
shaded portion. Its direction of rotation cannot be reversed unless the position of the poles is reversed. 




Fig. 11.23 Position of resultant field Fig. 11.24 Torque-speed characteristics 

at different instants 


11.11 Reluctance Start Motor 

The stator of a reluctance start motor is constructed with salient poles. The starting torque is achieved 
by creating non-uniform air-gap of the salient poles as shown in Fig. 11.25. Each pole is excited by 
its own winding carrying the same current. The rotor is usually squirrel cage type. 

The non-uniform air-gap between stator poles and rotor offers different reluctance to the magnetic 
lines of force. The flux set up in the portion having greater air gap will be more in phase with the 

current than the flux (i^g) set-up in the portion having smaller air-gap. This can be illustrated more 
clearly by considering two coils one having air-core and the other having iron core as shown in Fig. 
11.27. In air-cored coil, there is no core loss, I lags behind the voltage vector by 90°. This current 
is the magnetising current and sets up field (j)^ in phase with I. Whereas, in iron-cored coil, there 
are core losses, I lags behind the voltage vector by an angle a (less than 90°). This current has two 
components, (energy component) in phase with voltage to meet with losses and (magnetising 
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component) in quadrature to voltage vector to set-up field in the core. Hence, field (j). lags behind 
the current vector I by an angle 9. 



Fig. 11.25 Two-pole reductance 
start 1-phase motor 



Rotor 


Fig. 11.26 Flux and (ig and 
their phasor diagram 


Air core coil 


Iron core coil 



(a)Field produced in air core (b) Field produced in iron core 


Fig. 11.27 Effect of reluctance on the field. 


i 


Hence, the fluxes set-up by the two portions of the poles will lag behind the current by different 
angles and are displaced in time from one another. Thus, the resultant magnetic axis will shift across 
the poles from the longer air-gap region to the shorter air-gap region since is in more phase with 
current I than (f)^. Consequently, the rotor starts rotating in the same direction. Once the rotor starts 
rotating, it will continue to rotate like other types of single-phase inductor motors. 

It is evident that the direction of rotation of these motors is fixed by the construction (i.e., stator 
poles) and cannot be reversed. 

Reluctance-start motors have very small starting torque, low efficiency and poor power factor, 
therefore, their applications are limited. For most of the small power applications, shaded pole motors 
are preferred. 


11.12 Single-phase Synchronous Motors 

Synchronous motors are constant speed motors which rotate only at synchronous speed. The speed 
depends upon supply frequency and the number of poles for which the machine is designed. It is 
given by the relation 
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Ns = 


120 / 

P 


rpm 


where / = supply frequency in Hz and 
P = number of poles of the motor 

Single-phase synchronous motors are small, constant speed motors which do not need DC excitation 
and are self-starting. In comparison to fractional kilowatt (fractional H.R) induction motors, these 
motors are built for wider range of output and speed. These motors are usually built in miniature 
ratings as low as 0.001 kW and are used in clocks, control apparatus, timing devices, CD players etc. 
Single-phase synchronous motors are of two types namely, reluctance motors and hysteresis motors. 


11.13 Reluctance Motors 

The three-phase as well as single-phase motors can be built with rotors without DC excitation but 
having non-uniform air-gap reluctance. The stator construction of such motors is similar to 3-phase 
or 1-phase induction motors but the shape of squirrel cage rotor of these motors is changes such that 
it has variable magnetic reluctance along the air-gap. The 3-phase induction motors with such rotors 
are usually called synchronous induction motors. However, the single-phase induction motors built 
with a variable air-gap reluctance rotor without DC excitation are called reluctance motors. These 
motors work on the basis of reluctance principle which is explained below: 

Reluctance Principle 

Consider a piece of magnetic material (iron), free to rotate, placed in a magnetic field as shown in 
Fig. 11.28(a). A torque will act (by the alignment of two fields) on the piece of magnetic material 
(see Fig. 11.28(a)] which will bring it to the position shown in Fig. 11.28(b), so that it offers minimum 
reluctance to the magnetic flux. 



(a) Iron piece is not aligned with the field (b) Iron piece is aligned with the field. 

Fig. 11.28 Reluctance principle 


Construction 

The stator of a reluctance motor can be of any type of single-phase induction motor. To obtain starting 
torque, the *stator may have an auxiliary winding with the main winding. The rotor is a modified 
squired cage rotor. The variation of the air-gap reluctance is created either by removing some of the 
rotor teeth or by shaping the rotor stampings as shown in Fig. 11.29 (a) and (b), respectively. 
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(a) 4-pole motor rotor 



Fig. 11.29 Rotor stampings of reluctance motor 


Working 

When supply is given to the stator of a single-phase (split-phase) reluctance motor, a revolving field 
is set-up in the stator. The rotor starts rotating as an induction motor rotor and picks-up the speed 
near to synchronous speed. Then the rotor is pulled into synchronous speed with the stator field since 
reluctance torque is developed at the salient poles which have smaller air-gap reluctance. Thus, the 
rotor starts rotating at synchronous speed once the reluctance torque is developed. 

Torque-Speed Characteristics 

The torque-speed characteristics of a typical reluctance motor is shown in Fig. 11.30. The motor starts 
at any where from 300 to 400 percent of its full-load torque (depending upon the rotor position of 
the unsymmetrical rotor with respect to the field windings) as a split-phase motor. 



Fig. 11.30 Torque-speed curve of reluctance motor 

At about 70% of synchronous speed, the starting winding is opened by a centrifugal switch but 
the motor continues to develop a single-phase torque produced by its running winding only. As it 
approaches synchronous speed, the reluctance torque is sufficient to pull the rotor into synchronism 
with stator field. The motor operates as a constant speed, single-phase, non-excited synchronous motor 
upto a little over 200 percent of its full-load torque. If it is loaded beyond the value of synchronous 
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pull-out torque, it will continue to operate as a single-phase induction motor upto over 500 percent 
of its rated torque. 

Applications 

These motors have constant speed, rugged construction, do not need DC excitation and need minimum 
maintenance. Therefore, these motors find their wide applications in recording instruments, timing 
devices, control apparatus, automatic regulators etc. However, these motors have poor efficiency 
and power factor. 


11.14 Hysteresis Motors 

A hysteresis motor is a single-phase cylindrical (non-salient pole type) synchronous induction motor. 
The difference between this motor and reluctance motor is in (i) the shape of the rotor and (ii) the 
nature of the torque produced. 

Construction 

The stator construction of a hysteresis motor is either split-phase type or shaded-pole type which 
produces a revolving field in the stator when single phase AC supply is given to it. 

The rotor of hysteresis motor is specially designed and is made of Hysteresis-type laminations 
of the shape shown in Fig. 11.31. These are usually made of hardened high-retentivity steel rather 
than commercial low-retentivity dynamo steel. During operations, the cross arms of the rotor are 
permanently magnetised due to high retentivity of the steel used for its construction. 



Fig. 11.31 Rotor stamping of 2-pole Hysteresis motor 

Principle and Working 

When single-phase supply is given to the stator (split-phase type or shaded pole type), a revolving 
magnetic field is set-up by it. Eddy currents are induced in the rotor. These eddy currents set up the 
rotor magnetic field which causes rotor to rotate. A high starting torque is produced as a result of 
the high rotor resistance (proportional to the hysteresis loss). As the motor approaches synchronous 
speed, the frequency of current reversal in the cross bars decreases and the rotor becomes permanently 
magnetised in one direction through cross-arms as a result of high retentivity of the steel used for 
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the construction of rotor. With the two permanently set field poles, the rotor (shown in Fig. 11.31) 
will develop a speed of 3000 rpm at 50 Hz. Thus, the motor runs as a hysteresis motor on hysteresis 
torque because the rotor is permanently magnetised. 

Applications 

The amount of torque produced as a result of rotor magnetisation is not as great as reluctance torque. 
But hysteresis torque is extremely steady in both amplitude and phase in spite of fluctuations in 
supply voltage. As a result of this, these motors are extremely popular in driving high-quality cassette 
players, compact disc players, record players, tape recorders, clocks, etc. 


11.15 AC Series Motor or Commutator Motor 

When a 1-phase AC supply is given to a DC series motor, a unidirectional torque is developed in it. In 
fact, during positive half cycle, same current flows in the series field winding and armature winding 
which develops a torque in one direction (say clockwise). During the negative half cycle, current 
flowing through series field winding is reversed and at the same time current flowing through the 
armature also reverses, therefore, torque is developed in the same direction (i.e., clockwise direction). 
Thus, a continuous rotation is obtained. 



Fig. 11.32 AC series motor Fig. 11.33 Phesor diagram for AC series motor 

Mathematically we know: 

Torque in DC series motors, T oc tj)^^ where is the series field winding flux and is the 
armature current. 

Now when AC supply is given to series motor T oc tj)^^ for positive half cycle. For negative half 
cycle Tx{- tj)^^ Thus same torque is produced during positive and negative half cycle. 

However, some modifications are necessary in a DC series motor for its satisfactory operation on 
AC which are given below: 

1. The iron structure of field and yoke are laminated. 

2. The series field winding is so designed that it will produce relatively small mmf as compared 
to DC This is done by reducing the number of turns. The smaller field mmf would result in 
reduced air gap flux. Therefore, in order to develop the necessary torque the number of armature 
conductors have to be increased proportionately. 
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3. Increase in armature conductors would result in increased inductive reactance of the armature so 
the net inductive reactance may not he reduced. In order to overcome this difficulty compensating 
winding is connected in series with armature as shown in Fig. 11.32. This completely neutralises 
the inductive effect of the armature winding. 

4. The reluctance of the magnetic circuit is reduced to have high flux with reduced mmf So 
magnetic material used should be of high permeability and air gap should be small. 

As shown in the vector diagram (Fig. 11.33) large voltage drop occurs in resistance and reactance 
of the armature and field winding. Voltage left for operation is only E. 

Where E = V - {IRs + IXs + iRa + IXa) 

Where IR^ = voltage drop in series winding resistance 
IXg = voltage drop in series winding reactance 
IR^ = voltage drop in armature resistance 
IX^ = voltage drop in armature reactance. 


Performance and Characteristics 

The speed-torque characteristic for DC and AC series motors are shown in Fig. 11.34. The torque 
varies as square of the current and the speed varies inversely proportional to the current approximately. 
The efficiency will not be good as that of corresponding DC machine because of greater eddy current 
loss and effects of p.f 



Fig. 11.34 Torque-speed characteristics of DC and AC series motors 

These motors have their wide applications where high speed (20000 rpm) is required e.g., mixer 
grinders, blowers, hair dryers, etc. 


11.16 Universal Motor 

A motor which can be operated on AC as well as on DC supply at the rated voltage is called 

universal motor. 

Basically, universal motor is an AC series motor. It is just an improved from of a DC series motor. 
The core size of an universal motor is more than the core size of a DC series motor of the same rating. 
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Construction 

The motor has two main parts namely. 

1. Stator and 2. Rotor 

1. Stator. It is the stationary part of the motor. It consists of magnetic frame (or yoke), pole core 
and pole shoe wd field or exciting winding as shown in Fig. 11.35. 

Yoke Pole core & 



The magnetic frame, pole core and pole shoe are made of silicon steel stampings. The stempings 
are insulated from each other by varnish layer. The hysteresis losses are very small in silicon 
steel and eddy current losses are reduced due to stampings. The field winding made of enamelled 
copper is wound around the poles to produce the required flux. 

2. Rotor. It is the rotating part of the motor. It consists of shaft, armature, armature winding and 
commutator, as shown in Fig. 11.36. 


Commutator Armature 



Fig. 11.36 Rotor of a universal motor 

Shaft is a part of rotor which transfers mechanical power or energy to the load. It is made-up 
of mild steel. Armature is made-up of stempings of silicon steel material since it is to carry 
the magnetic field. It is keyed to the shaft. Slots are cut at its outer periphery to accommodate 
armature winding. The ends of armature winding are braced to the commutator segments. 
Commutator is made-up of wedge shaped segments forming a ring. The wedges are insulated 
from each other by an insulating layer of micanite. The commutator is also keyed to the shaft. 
Carbon brushes are pressed over the commutator surface to deliver current to the machine. 



Electrical Machines 


888 


Principle 

When a current carrying conductor is placed in the magnetic field, a force is exerted on it and torque 
develops. In other words, when the rotor field produced by the rotor current carrying conductors, 
tries to come in line with the main field, torque develops and rotor rotates. 


Working 

The armature winding and stator field winding both are connected in series, as shown in Fig. 
11.37. When 1-phase, AC supply is given to the motor, current flows through the field winding and 
armature winding. The field winding sets up main stator field F^, and the armature winding sets up 
rotor field as shown in Fig. 11.38. Rotor field F^ tries to align itself with the main field F^ and an 
anticlockwise torque in produced. 

During negative half cycle, the direction of flow of current in the field winding as well as in 
the armature winding is reversed, as shown in Fig. 11.39. The two windings set up their fields in 
the direction as shown in Fig. 11.39, again anticlockwise torque is produced in the rotor. Thus, 
unidirectional torque is produced in the motor. 

To obtain continuous torque, commutator reverses the direction of flow of current in the coil or 
conductors which cross the magnetic neutral axis (MNA). 


SERIES FIELD 
- 


ARMATURE A/ 


Fig. 11.37 Circuit diagram 





Fig. 11.38 Position of Fig. 11.39 Position of 

and F^at 1st instant and F^at 2nd instant 


Applications 


In large sizes of ^ HP, these are used in vacuum cleaners and industrial sewing machines. In 
sizes of ^ HP or less, these are used in electric hand drills, mixers, can openers, blenders, 


shavers, hair dryers, etc. 


smaller 

electric 


11.17 Comparison of Single-phase Motors 

The comparison of single-phase motors is given in the Table 11.1. 



Single-Phase Motors 


889 


Table 11.1 Comparison of Single-Phase Motors on the basis of Characteristics, Ranges, and Applications 


Type of 
motor 
Torque 

Starting 

Torque 

(% 

Rated) 

Pull-Out 

(% 

Rated) 

Pull-Out 

Torque 

(% 

Rated) 

Rated 

Power 

Factor 

(%) 

Rated 

Efficiency 

(%) 

Rage (hp) 

Application 

General- 

90-200 

200- 

1185- 

55-65 

62-67 

1/29 to 

Fans, blowers, office 

purpose 

medium 

250 

|250 



3/4 

appliances, food-preparation 

split-phase 

normal 


1 




machinery. Low or medium 
starting torque, low inertia, 
continuous-operation loads. 

Permanent- 

up to 

200 

|260 

80-95 

55-65 

1/6 to 3/4 

Belt-driven or direct-drive 

split, 

200 


1 




fans and blowers, centrifugal 

capacitor 

normal 


1 




pumps, oilburners, washing 

run (high 



1 




machines. Moderate-starting 

torque) 



1 




torque loads. 

General- 

up to 

265 

upto 

80-95 

55-65 

1/8 to 3/4 

Dual voltage. Compressors, 

purpose, 

435 very 

high 

|400 




stokers, conveyors, pumps. 

capacitor- 

high 


1 




Belt-driven loads with high 

start 



1 




static friction. 

Capacitor- 

380 

260 

up to 

80-95 

55-65 

1/8 to 3/4 

Compressors, stokers, 

start. 

high 


|260 




conveyors,pumps. High torque 

capacitor- 



1 




loads. High power factor. 

run 



1 





Shaded- 

50 very 

50 

1150 

40-50 

30-40 

1/300 to 

Fans, toys, hair dryers, unit 

pole 

low 





1/3 

heaters, blowers. Low-starting 
torque loads. 

Series 

400- 

very 

|400- 

85-95 

40-60 

1/150 

Highspeed (3000-11000) 

(universal) 

500 

high 

1500 



to 1 

rpm). Vacuum cleaners, snow 


blowers, centrifugal fans, 
mixers. 


11.18 Trouble Shooting in Motors 


Table 11.2 Reference Guide to Probable Causes of MotorTroubles 


Motor type symptom or trouble 

AC single phase 

AC 

polyphase 
(two or 
three 
phase) 

Brush-type 
(universal, 
series, 
shunt, or 
compound) 

Split- 

phase 

Capacitor 

start 

Capacitor 
start and 

run 

Shaded 

pole 

Will not start 

1,2, 3, 5 

1,2,3, 

4,5 

1,2,4, 7, 

17 

1,2,7, 

16,17 

1,2,9 

1,2,12,13 1 
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Will not start even at no-load, 
but will run in either direction 
when started manually 

3,5 

3,4,5 

4,9 

_ 

9 1 


6,8 

6,8 

4, 8 

8 

8 

8 

Starts, but heats up rapidly 

8 

8 

4,8 

8 

8 

8 

Starts, but runs too hot 

3,5,8 

3, 4, 5, 8 

4, 89 

8,9 


J 

Will not start, but will run in 
either direction when started 
manually-overheats 






10,11,12, 
13,14 

Sluggish - sparks severely at 
the brushes 

— 

— 

— 

— 

— 

15 

Abnormally high speed - sparks 
severely at the brushes 

8,16,17 

8,16,17 

8,16,17 

8,16,17 

8,16,17 

13,16,17 

Reduction in power - motor 
gets too hot 

8,18 

8,18 

8,18 

8,18 

8,18 

18,19 

Motor blows fuse, or will not 
stop when switch is turned to 
off position 






10,11,12, 
13,19 

Jerky operation - severe 
vibration 








1. Open in connection to line. 

3. Contact of centrifugal switch not closed. 

5. Starting winding open. 

7. Motor overloaded 

9. One or more windings open. 

11. Dirty commutator or commutator is out of round. 

13. Open circuit or shot circuit in the armature winding. 

15. Open circuit in shunt winding 

17. Interference between stationary and rotating members. 

19. Shorted or grounded armature winding. 


2. Open circuit in motor winding 
4. Defective capacitor. 

6. Centrifugal starting switch not opening. 

8. Winding short-circuited or grounded. 

10. High mica between commutator bars. 

12. Worn brushes and/or annealed brush springs. 
14. Oil-soaked burshes. 

16. Sticky or tight bearings. 

18. Grounded near switch end of winding. 


Section Practice Problems 


Shor t Answ er Type Questions 

Q.1. Can you reverse the direction ot rotation ot a singie-phase (Spiit-phase) induction motor How? 
Ans. Yes, by reversing the leads of either starting winding on main winding, but not both. 

Q.2. Which motor, capacitor-start or resistance-start motor has a iarger starting torque? 

Ans. Capacitor start motor. 

Q.3. How much starting torque is produced by the shaded pole motor in comparison to spiit-phase 
induction motors? 

Ans. The starting torque of a shaded pole motors is very poor. 
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Q.4. State some of the important applications of shaded pole motors 

Ans. Since their starting torque is very poor, these are used with smaii fans, desert-water cooier pumps, 
ciocks, toy-motors, heat radiators etc. 

Q.5. Why the yoke of an AC series motor is laminated? 

Ans. In AC series motors, an alternating flux is set-up in the yoke due to this heavy eddy current loss would 
occur in case of solid yoke. To reduce eddy current loss in the yoke it is laminated. 

Q.6. Why series motor are not operated at no-load? 

Ans. At no-load series motors obtain dangerously high speed. 


Review Questions 

1. Explain that basically a single-phase induction motor is not a self-starting motor. 

2. How will you make a single-phase induction motor self-starting? 

3. Show that a single-phase sinusoidal field can be replaced by two fields rotating around the air gap in 
opposite directions. Draw a torque-slip curve due to each of these two fields. Explain that single-phase 
induction motor has no starting torque. How will you explain the fact of the motor accelerating in the 
direction in which it is started? 

State the manner in which the starting torque of a single-phase motor may be obtained by splitting the 
phase. 

4. Explain the construction and working of a single-phase capacitor start induction motor. 

5. What is the use of a capacitor employed with a ceiling fan? 

6 . If a ceiling fan is switched on to a single-phase AC supply and it does not rotate, what may be the reasons? 

7. Explain the construction (with sketch) and working of a capacitor-start capacitor-run single-phase induction 
motor. What are its advantages and practical applications? 

8. How can you change the direction of rotation of a single-phase induction motor? 

9. Compare the various types of split-phase single-phase induction motor. 

10. Explain the construction and working of a single-phase shaded pole induction motor. 

11. Describe the working of a single-phase series motor. Name two electrical gadgets where these motors 
are used. 

12. (a) Suggest suitable single-phase induction motors for following applications and give reasons for your 

choice: 

(/) Ceiling fan; (//') Portable drilling machine; 

(///) Domestic Refrigerators; (/V) Sewing machine. 

(b) Name five applications where you have seen single-phase induction motors being used. 

13. Explain the construction and working of a reluctance start induction motor. 

14. Explain the principle, construction and characteristics of a single-phase reluctance motor. 

15. Explain the construction and working of a hysteresis motor. 
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Multiple Choice Questions 

1 . stator core of a single-phase, split winding induction motor is made of 

(a) laminated cast iron [b) mild steel 

(c) silicon steel stampings {d) softwood. 

2. Two field revolving theory is base upon. 

(a) Ferrari’s principle [b) Lenz’s Law. 

(c) Blondal’s theorem [d] Newton’s law. 

3. In a single phase induction motor at start, the two revolving fields produce 
(a) unequal torques in the rotor conductors 

{b) no torque in the rotor conductors 

(c) equal and opposite torque in the rotor conductors 

(d) equal torques in same direction in the rotor conductors 

4. During running condition if the starting winding of a split phase induction motor is disconnected 

(a) the motor will stop [b) the motor winding will burn 

(c) the main winding will be damaged (d) the motor will continue to rotate 

5. The function of the centrifugal switch is to disconnect the 

(a) main winding during starting [b) auxiliary winding during starting. 

(c) main winding during run. (d) auxciliary winding during running. 

6. The direction of rotation of a split-phase induction motor can be reversed by 
(a) reversing the connections of the supply terminals 

{b) reversing the connections of the main winding only 

(c) reversing the connections of the starting winding only 

(d) either [b) or (c). 

7. The direction of rotation of the shaded pole induction motor. 

(a) cannot be reversed [b) can be reversed with the help of regulator 

(c) either a orb (d) none of these 

8. The DC series motor. 

(a) can be operated on AC (b) is a high speed motor 

(c) cannot be started at no-load 

9. Which motor is best suited for domestic refrigerator? 

(a) 3-phase induction motor [b) Universal motor 

(c) Capacitor start motor (d) Shaded pole motor. 

10. The material used for the construction of rotor of a hysteresis motor is 
(a) cast iron (b) copper 

(c) hardened high-retentivity steel (d) low-retentivity steel 


Keys to Multiple Choice Questions 
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Chapter Objectives 

After the completion ot this unit, students/readers will be able to understand: 

^ What is servomechanism? 

^ What are the servomotors and how these are used in control system? 

V What is brush-less synchronous generator? 

^ What is brush-less DC motor? 

V What is construction, working, characteristics and applications ot 

(i) Schrage motor (ii) Stepper motor 

(iii) Linear induction motor (iv) Permanent magnet DC motor 

^ What is an induction generator? 

^ How a submersible pumps and motor work? 

V What are energy efficient motors? 


Introduction 

So for, we have discussed about synchronous machines, induction machines, fractional kW machines 
etc. These machines are the basic machines which are employed at various places as per requirement. 
However, in industries, at commercial places and in houses there are variety of jobs for which these 
general purpose basic machines are not suitable. But these machines with suitable amendments in 
their design can be employed to perform these jobs. Such specially designed machines are called 
special purpose machines. 

The machines which are designed specially to perform a particular job are called special purpose 
machines. 


12.1 Feedback Control System 

A control system which tends to maintain a prescribed relationship between a controlled variable 
and a reference input by comparing relationship between a controlled variable and a reference and 
difference as a means of control is call a. feedback control system. 
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Electrical feedback control systems rely upon mainly electrical energy for operation. The essential 
of this type of control are (i) an error detecting device, (ii) an amplifier and (iii) an error-correcting 
device as shown in Fig. 12.1. Each one of them serves a functional purpose in matching the controlled 
variable to the reference input. 


Disturbance 



Fig. 12.1 Feedback control system (Black diagram) 


The error-detecting device determines when the controlled variable is different from the reference 
input. It then sends out on error signal to the amplifier, which is turn supplies power the error 
correcting device changes the controlled variable so that it matches the reference input. The closed 
loop at feedback control system is shown in Fig. 12.1. 

Thus, a system in which output is compared with the input and error is used to control the 
operating system is called feedback control system. 


12.2 Servomechanism 

The mechanism in which the control variable is adjusted by the error served by comparing output 
and input is called servomechanism. 

Any quantity e.g., voltage, speed, temperature, position, direction or torque be controlled by 
providing appropriate feedback. Any quantity can be used as a reference input. Moreover, the 
reference input need not have the same units as the controlled variable provided that the proper error 
detecting device is employed. 

When the controlled variable is mechanically positioned or adjusted of its time derivatives, the 
feedback control system is commonly called a servomechanism. 


12.3 Servomotors 

The motors which respond to the error signal abruptly and accelerate the load quickly are called 
servomotors. Servomotors are usually employed with control system. 

Servomotors may be either DC (shunt or series) motors or AC (2-phase) induction motors. DC 
motors are preferred because of their high torque to inertia ratio and high starting torque. On the 
other hand AC motors are known for their reliability and freedom from commutation problems such 
as noise and wearing of brushes etc. Servomotors vary in size from 0.05 HP to 1000 HP. 
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The fundamental characteristics to be sought in any servomotor (DC or AC) are 

(i) The motor output torque should be proportional to its applied control voltage (developed by the 
amplifier in response to an error signal). 

(ii) The direction of the toque is determined by the (instantaneous) polarity of the control voltage. 


12.4 DC Servomotors 

The DC motors which are employed in the control system are called DC servomotors. 

There are four types of DC servomotors which are used in the control system. These are (1) the 
field-controlled shunt motor, (2) the armature controlled shunt motor, (3) the series split-field motor, 
and (4) the permanent-magnet (fixed field excitation) shunt motor. 

12.4.1 Field-controlled DC Servomotors 

In this motor armature current is always kept constant and the field is excited by the DC error 
amplifier, as shown in Fig. 12.2. The torque produced by the motor is zero when no field excitation 
is supplied by the DC error amplifier. Torque produced by the motor varies directly as the field flux 
and also as the field current up to saturation (T = k (j) IJ. The direction of the motor (i.e., rotation) is 
reversed if polarity of the field is reversed. 



Fig. 12.2 Field control DC servomotor 

The control of field current by this method is used only in small servomotors because 

(i) it is undesirable to supply a large and fixed armature current as would be required for large DC 
servomotors and 

(ii) its dynamic response is slower than the armature-controlled motor because of the longer time 
constant of the highly inductive field circuit. 

12.4.2 Armature-controlled DC Servomotors 

This servomotor employs a fixed DC field excitation furnished by a constant-current source, as shown 
in Fig. 12.3. As sated, this type of control possesses certain dynamic advantages not possessed by 
the field-control method. A sudden large or small change in armature voltage produced by an error 
signal will cause an almost immediate response in torque because the armature circuit is essentially 
resistive as compared to the highly inductive field circuit. 
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Constant-current 



DC 

amplifier 

To ioad 

Fig. 12.3 Armature control DC servomotor 


The field of this motor is normally operated well beyond the knee of the saturation curve to keep 
the torque less sensitive to slight changes in voltage from the constant-current source. In addition, a 
high field flux increases the torque sensitivity to the motor {T = ktj) IJ for the same small change in 
armature current. DC motors up to 1000 hp are driven by armature voltage control in this manner. 
If the error signal polarity is reversed, the motor reverses its direction. 

12.4.3 Series Split-field DC Servomotors 

Small fractional-horsepower, series split-field DC motors may be operated as separately excited 
field-controlled motors, as shown in Fig. 12.4. One winding is called the main winding and the 
other is called the auxiliary winding, although they are generally equal in MMF and are wound 
about the field poles in such a direction as to produce reversal of rotation with respect to each other. 
As shown in Fig. 12.3 the motors may be separately excited, and the armature may be supplied by 
a constant-current source. 


Auxiliary 



winding To load 


Fig. 12.4 Series split-field DC servomotor 


The advantages of the split-field method of field control are the (1) the dynamic response of the 
armature is improved since the fields are always excited (there is no delay due to inductive time 
constant) and (2) a finer degree of control is obtained because the direction of rotation is more 
responsive to extremely small differences in current between the main and auxiliary windings. 


12.4.4 Permanent-magnet Armature-controlled DC Servomotor 

This type of extremely popular servomotor uses permanent magnets (either Alnico or ceramic) for 
constant field excitation, as shown in Fig. 12.5. It is usually manufactured in 6V and 28 V ratings in 
fractional-horsepower sizes and in 150 V rating in integral-horsepower sizes up to 2 hp. The field 
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structure for this type of motor usually consists of Alnico VI alloy, cast in the form of a circular 
ring, completely surrounding the armature and providing a strong, constant flux. The permanent- 
magnet motors are well compensated by means of commutating windings to avoid demagnetisation 
of the field magnets whenever the DC armature voltage is suddenly reversed. Eddy currents and 
hysteresis effects in these motors are generally negligible, and the pole pieces are usually laminated 
to reduce arcing at brushes whenever a rapid change of signal voltage occurs. These devices are 
also controlled by armature voltage control in the same manner as the armature-controlled shunt 
motor. 



Permanent 

magnets 


DC i-■ K. 

amplifier Cv*- To load 

Fig. 12.5 Permanent magnet DC servomotor 


The PM DC servomotor is used in two modes of operation: (1) position control and (2) velocity 
control. PM DC servomotors used for position control are sometimes called “torque motors” because 
they develop extremely high torques at standstill or low speeds. Conversely, at high speeds, since, for 
a given horsepower, torque varies inversely as speed the developed torque is extremely small. The 
developed torque is also a function of the voltage applied to the armature. 

High speed velocity control servomotors are usually totally enclosed and have large frame sizes 
to permit adequate heat dissipation. Depending on the velocity to be controlled and the torque 
requirements of the load driven, a motor may also require a built-in fan to improve the heat dissipation 
and cool the armature. 


12.5 AC Servomotors 

The AC motors which are employed in the control system are called AC servomotors. 

Along with smaller DC stepping motors, most of the smaller AC servomotors are of the AC two- 
phase or the shaded-pole induction motor-type. 

Two-phase AC Servomotors 

Figure 12.6 shows the schematic diagram of a two-phase servomotor. This motor is a true two-phase 
motor, having two stator windings displaced 90° in space on the stator. The reference windings in 
constantly and usually excited through a capacitor by the fixed AC supply. With no error signal, the 
squirrel-cage rotor is at standstill. A small error signal of some particular instantaneous polarity with 
respect to the reference winding is amplified by the AC amplifier and fed to the control winding. 
Torque i.e., rotation is produced in such a direction so as to reduce the error signal, and the motor 
ceases to rotate when a null (zero error signal) is produced at the control winding. 
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Ac Control 



Fig. 12.6 Two-phase AC servomotor 


Shaded-pole AC Servomotor 

The schematic diagram of a shaded-pole servomotor is shown in Fig. 12.7. In this motor, a phase- 
sensitive relay is employed to actuate those contacts that will produce a short circuit of the shaded-pole 
winding to develop rotation in the desired direction. As with all shaded-pole windings, a single¬ 
phase AC field winding is connected to the AC supply. In the presence of an error signal sufficient 
to actuate the relay, one pair of shaded-pole windings is shorted; there upon, the servomotor rotates 
until the null is produced (at which point the relay drops out) and the motor stops. An error signal of 
opposite polarity will actuate the phase-sensitive relay to short-circuit a different pair of windings, 
causing rotation of the servomotor in the reverse direction. 


Squirrel 



winding 

Fig. 12.7 Shaded pole AC servomotor 

It is fairly evident that the two-phase motor design of Fig. 12.6 is better of the two types since it 
is capable of responding to small error signals. A shade-pole servomotor will respond only when the 
amplified error signal is of sufficient magnitude to cause the relay to actuate. The response of the 
two-phase servomotor to very small control signals is further improved by reducing the weight and 
inertia of the motor. Shaded-pole AC servomotor 


12.6 Schrage motor 


The demand of the industry to have a motor of moderate size having desirable features of speed 
control and power factor improvement without the auxiliary devices was met with when K H Schrage 
of Sweden developed such a motor and was named as Schrage motor. 
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Schrage motor is a motor that contains both power factor correction arrangement and speed 
control in one and the same motor. 

These motors are generally built in sizes from 3 hp to 50 hp, however these can also be built in 
large sizes upto 150 hp. But beyond this these are not economical. These motors are designed for 
3-phase, 50 Hz, 400 V supply. A simple diagram of a two-pole Schrage motor is shown in Fig. 12.8. 
Since the position of the brushes placed on commutator can be adjusted to obtain the desired speed, 
therefore, this motor is also known as brush shift AC motor. This motor provides characteristics 
similar to a DC shunt motor, hence it is also called as AC shunt motor. 

Construction 

The winding or electrical connection diagram of a 2-pole Schrage motor is shown in Fig. 12.8. This 
motor is an inverted wound rotor induction motor in which the rotor winding connected in star or 
delta is the Primary and is supplied from a 3 phase supply through slip rings as shown in Fig. 12.8 

The motor has another winding known as compensating or adjusting or regulating winding, 
entirely similar to an ordinary DC armature winding, and is tapped to segments of a commutator 
in the usual manner. The conductors of the regulating or adjusting winding are placed in the same 
slots in which the conductors of the rotor winding or primary winding are housed. The conductors 
of the regulating winding are placed above the conductors of the primary winding as shown in Fig. 
12.9. Brushes held by brush rockers are placed on the surface of the commutator. The stator winding 
forms the secondary and is divided into 3 isolated phases as shown in Fig. 12.9. The two ends of 
each phase of the stator winding are connected to two brushes A and B placed on the commutator 
as shown in Figs. 12.8 and 12.10. 



Fig. 12.8 Conventional diagram of Schrage motor 


Two sets of brushes (i.e., a set of three A-brushes and a set of three 5-brushes) are supported on 
two brush rockers. Each rocker carrying three brushes are located at opposite ends of the commutator 
and are so arranged that they can be rotated relative to each other in either direction by means of 
a hand wheel. Thus by turning the hand wheel one brush rocker or set of brushes moves clockwise 
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and the other moves anticlockwise, thereby allowing the brushes of the two rockers to be displaced 
with respect to each other or to be placed in line with one another. The three brushes of one rocker 
or set of brushes are connected to the respective starts of the three phases of the stator or secondary 
winding, while the finishes of these winding are connected to the corresponding brushes on the 
second rocker or set of brushes. 



Working 

When supply is given to the primary or rotor winding through slip rings, the primary (rotor) current 
will set up a resultant magnetic field which rotates at synchronous speed with respect to the rotor. At 
start this magnetic field rotates at synchronous speed in space. This revolving field induces emfs and 
currents in the secondary. The reaction between the induced secondary currents and the revolving 
magnetic field develops a torque in the same manner as in any induction motor. Because of the fact 
that the secondary winding is in this case embedded in the stator slots, the torque will cause the 
rotor to rotate in a direction opposite to that of the revolving magnetic field. The revolving magnetic 
field itself necessarily continues to rotate at synchronous speed relative to the rotor and consequently 
as the rotor speeds up more and more in the contrary direction, the speed of the magnetic field in 
space decreases more and more and approaches zero as the rotor approaches synchronous speed. In 
general, the magnetic field rotates in space at slip speed in a direction opposite to that of the rotor 
core. From this it follows that the secondary currents and emfs. will be of slip frequency {Sf) just as 
in any induction motor. The adjusting winding will have an emf induced due to transformer action 
from the primary winding provided in the same slots. Hence the frequency of the voltages in both 
the windings is the same as that of the supply. With constant supply voltage, the r.m.s. values of 
induced voltages in the adjusting winding are nearly constant at all loads. 

Thus it is concluded that when the primary is fed from the supply, emfs. are induced in the 
regulating winding at supply frequency and as the rotor rotates, emfs. induced in the secondary 
winding are at slip frequency. 
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Speed Control by Changing the Brush Position 

From the Fig. 12.10 it is clear that for any position of brushes connected to each phase of the secondary, 
there exists a voltage, the value of which depends upon the number of turns of the regulatingwinding 
which is contained between these brushes. This means that at any instant the voltage of the Regulating 
winding between the two brushes is in series with secondary emf The voltage of the regulating winding 
is zero when the two brushes touch the same bar and its value is maximum when the two brushes 
are 180 ° electrical apart. Thus the magnitude of the voltage of the regulating winding is varied by 
changing the separation between the brushes of the same phase. Thus, voltage of the regulating 
winding in injected into each phase of the secondary winding and if this injected emf is in direct 
opposition to secondary induced emf the speed will be below normal. On the other hand if it is in 
phase with the secondary induced emf will be above normal. There are three possible positions of 
brushes as illustrated in Figs. 12.10 (a), (b) and (c). 



Fig. 12.10 Various brush positions for (speed controi) 


(i) Figure 12.10 (a) shows when the brushes A and B carried by two rockers are in line with one 
another, so that at every instant there will be direct electrical contact through a commutator 
segment. Flence each secondary phase is short circuited and the motor will run like a plain 
induction motor. 

In fact, at this instant, there is no regulating voltage injected into the secondary circuit and 
the only emf is due to secondary winding and thus the motor runs at normal speed. 

(ii) Figure 12.10 (b) shows when the brushes are opened out. In this case, the regulating voltage 
equivalent to the voltage induced in the turns contained between the brushes A and B is injected 
into each phase of the secondary circuit so that it opposes the secondary induced emf This 
reduces its magnetic effect with the result the speed of the motor decreases. 

(Hi) Figure 12.10 (c) shows when the brushes are moved apart in the opposite direction i.e., when the 
position of the brushes A and B is reversed. In this case, the regulating voltage will be in phase 
with secondary induced emf The total emf acting in the secondary circuit increases which in 
turn increases the current in the secondary winding thus the motor speed increases. 

Hence, it is concluded that if the brushes are separated, regulating voltage will appear between 
the brushes A and B, which is injected into each phase of the secondary winding. This injected 
voltage may aid or oppose the secondary induced voltage, depending upon the direction of shifting 
of brushes. Thus, for any position of the brushes there will be definite speed of rotation either above 
or below synchronous speed. In practice a hand wheel is fitted which operates the brushes in either 
direction through differential gearing. 
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Power Factor Control by Changing the Brush Position 

Although the magnitude of the emf between the brushes A and B is dependent on their relative angular 
position, the phase of the emf depends upon the position of the centre line with respect to the centre 
of the rotor winding. Hence if the brushes as a whole are moved round the commutator as shown in 
Fig. 12.11 the phase of the emf, injected into the secondary circuit will be varied relative to the rotor 
induced emf and therefore power factor of the motor will be varied. 



Brushes 



Fig. 12.11 Various brush positions (pf controi) 


When the injected emf has a quadrature component which leads the induced rotor em/[as shown 
in Fig. 12.11 (1?)] the power factor of the motor will improve and becomes leading. 

Hence, the power factor of the motor can also be adjusted by adjusting the position of the brushes 
i.e., by changing the position of brush A and B simultaneously in the same direction. 


Conclusion 

From the above discussions we conclude that the speed of motor depends on the angular distance 
between the individual brushes A and B while the p.f depends upon the angular position of the brushes 
as a whole. Owing to the changes in power factor over the speed range where motor is to be used for 
one direction only, the brushes are set to give best p.f. over the whole range. A motor should note be 
reversed without making an adjustment in the setting of the brushes. The power factor is very high 
at speeds above synchronous and relatively low at sub-synchronous speeds. The low power factor 
at reduced speed can be improved by unsymmetrical brush displacement. This can be achieved by 
allowing one brush rocker to move faster than the other, so that the centre line of the brushes is rotated 
round the commutator. Motor which are designed with unsymmetrical brush displacement can be 
run in one direction only, but by a simple reconnection or readjustment of the brushes the direction 
of rotation can be changed. Reversible machines such as crane and hoisting motor, are designed with 
symmetrical brush displacement. To reverse the direction of rotation of such a machine it is preferred 
to inter change two primary supply leads. 

Advantage 

(i) It has a continuous speed regulation with the required range so that the driven machinery may 
be run at the best possible speeds. 

(ii) It has high average efficiency and power factor. 
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Applications 

There are many industrial applications of the Schrage motor, some of them are given below. 

(i) It is extensively used in printing industry in which variable speed is essential. The motor has 
proved equally suitable for driving small presses as well as large rotary presses used in the 
newspaper production. 

(ii) In the paper industry this motor has been employed for paper-machine drives. 

(Hi) In rubber industry this motor is extensively employed for driving rubber cylinders. 

(iv) In Steam boiler installations, Schrage motor are commonly employed for boiler fans and strokes 
drives. 

(v) The other important applications are in cement kilns, cranes, lifting pumps, large machine 
tools, sugar refining machinery, textile industry, belt conveyors etc. 


Section Practice Problems 


Short Answer Type Questions 

Q.1. What do you mean by feedback control system? 

Ans. A system in which output is compared with the input and error is used to controi the operating system 
is caiied feedback control system 

Q.2. What do you mean by servomotors? 

Ans. The motors which respond to the error signai abruptiy and acceierate the ioad quickiy are caiied 

servomotors. 

Q.3. Torque to inertia ratio of servomotors should be high, why? 

Ans. Higher the torque to inertia ratio smaiier wiii be the response time. 

Q.4. What is a Schrage motor? 

Ans. Schrage motor: It is a motor that contains both power factor correction arrangement and speed control 
arrangement in one and the same motor. 


12.7 Brushless Synchronous Generator 

The elimination of the exciter on the shaft of a synchronous generator eliminates the problems 
associated with commutation (like sparking at the brushes, excessive heating, wear and tear, 
maintenance etc.) of a DC generator. But it is still necessary to supply DC to the field via brushes 
and slip rings. In order to eliminate slip rings and brushes. The brushless synchronous generators 
were developed. 

A block diagram of one type of brushless synchronous generator is shown in Fig. 12.12. Its 
explanation is given below: 
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1. Block-1: It is a stationary part, its main function is to provide the necessary field current (or 
excitation) to the field winding of the auxiliary alternator. The function of each part of this 
block is given below: 

(i) Single-phase variac: When 1-phase AC supply is given to variac, it provides variable 
voltage at its output which is fed to a full wave rectifier. 

(ii) Full-wave rectifier. It converts AC into DC. As the output of rectifier contains ripples, a 
filter circuit is provided which removes the ripples. Pure DC is fed to a potentio-divider. 

iiii) Potentio-divider: By changing the position of jockey, we can change the magnitude of 
field current fed to the field winding of auxiliary alternator. 

(iv) Field winding of auxiliary alternator: This winding provides the necessary magnetic field 
so that a required voltage is induced in the armature winding of the auxiliary alternator. 



2. Block-2: It is a rotating part and is coupled with the prime-mover. Its main function is to provide 
necessary field (or flux) to the main synchronous generator. The function of each section of this 
block is given below: 

(i) Armature of auxiliary alternator: It is a part in which necessary em/is induced. This part, 
ultimately provides the required field current for the field winding of main synchronous 
generator. The output of auxiliary alternator is given to the solid state static DC rectifier. 
{ii) Solid state static DC rectifier: It is an electronic circuit containing transistors, SCRs, 
resistors and capacitors. This circuit converts AC into DC which is further fed to the field 
winding of the main synchronous generator. 

(Hi) Field winding of main synchronous generator: It is a winding which produces the magnetic 
flux. The magnitude of flux produced by it depends upon the current flowing through it. 
The value of this field current can be varied by varying the voltage supplied to rectifier 
in block-1 or by varying the value of potentiometer. 

3. Block-3: It is the stationary armature of the main synchronous generator. The three-phase AC 
supply is available at its output terminals. 

The above means of controlling the DC field excitation of the synchronous generator does not 
need exciter, slip rings or brushes of any kind. 
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The reduced cost and increased reliability of solid state rectifier packages has encouraged a 
variety of brushless generators in the low and medium power ratings in both poly-phase and single¬ 
phase types. This trend is expected to continue because of the advantages such as no commutation 
problems, no sparking and no maintenance on brushes. 

12.7.1 Brushless DC Generator 

When the output of a brushless synchronous generator is converted into DC with the help of a solid 
state rectifier, the complete set-up is called a brushless DC generator. 


12.8 Brushless Synchronous Motor 


The elimination of the exciter on the shaft of the synchronous motor eliminated the problems associated 
with commutation of a DC generator and sparking at the brushes connected to the commutator. In 
order to completely eliminate slip rings and brush maintenance, the brushless synchronous motor 
was developed. 

A block diagram of one type of brushless synchronous motor is shown in Fig. 12.13. 

1-phase variac 



alternator 

Fig. 12.13 Brushless synchronous motor (block diagram) 

This arrangement requires an AC generator (auxiliary alternator) having a stationary DC field 
and a rotating poly-phase armature in which AC voltages are generated. The DC excitation of the 
synchronous motor is controlled by the single-phase variac exciting the stationary DC field of the 
poly-phase alternator, which is on the same rotor shaft as the rotor field of the synchronous motor, 
as shown in Fig. 12.13. 

The rotor of the synchronous motor, as shown in Fig. 12.13, carries the alternator armature, the 
static DC control and rectification system, consisting of transistors and SCRs and the rotor field of 
the synchronous motor. 

The arrangement shown in Fig. 12.13, provides a means of controlling the DC field excitation of 
a synchronous motor without the need for exciter or slip rings or brushes of any kind. 

The reduced cost and increased reliability of solid-state rectifier packages has encouraged a 
variety of brushless synchronous motors in the low to medium horse-power ranges in both poly-phase 
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and single-phase types. This trend is expected to continue because of the advantages of this type 
of motor, i.e., no commutation problems, no sparking, and no maintenance on brushes, as found in 
conventional synchronous motors. 

12.9 Three-brush (or Third-brush) Generator 

In some types of small generators, particularly those which operate at variable speed, such as 
automobile generators, advantage is taken of armature reaction to regulate the current. If an ordinary 
shunt or compound generator used in an automobile to charge the battery, the generator would be 
lightly loaded at low speeds and too heavily loaded at the higher speeds. 

A common method of regulating automobile generators is the third-brush method, in which the 
shunt field is connected between one of the main brushes and a small third brush located between 
the two main brushes. In Fig. 12.14, A is the positive main brush, and B is the negative main brush, 
which is usually grounded to the frame of the car or engine. 



(a) (b) 

Fig. 12.14 Three-brush generator 


The auxiliary, or third, brush C is placed at an angle of about 60° from brush B in the direction 
opposite to the direction of rotation. The shunt field is connected between the brush C and the 
positive brush. In Fig. 12.14 (a) the flux through the armature under light-load condition is shown 
diagrammatically. There is negligible armature reaction. The voltage across the field will be 
substantially the emf induced in the conductors connected in series between d and e, which cut the 
flux included between brushes A and C. 

If the speed of the generator increases, other factors remaining constant, the emf will increase 
and the generator will deliver a greater current. This current, however, distorts the magnetic field in 
the direction of rotation, as shown in Fig. 12.14 (b). The effect is to transfer the flux from between 
conductors d and e to the region between brushes C and B. Since the total emf between conductors 
d and e, and hence the voltage across the field, is proportional to the flux between conductors d and 
e, the effect of the increased speed will be compensated in part at least by the lesser flux and the 
current will increase only slightly if at all. A study of Fig. 12.14 (b) shows that the current may be 
increased by moving the third brush C in the direction of rotation and the current may be decreased 
by moving if against the direction of rotation. 





Special Purpose Machines 


907 


When such generators are used to charge batteries, as in automobiles, there should be a cutout 
relay which connects the battery to the generators only after the generator has built up to a voltage 
slightly higher than that of the battery. If the generator shows down, this relay opens when the current 
reverses and begins to flow from battery to generator. 


12.10 Brushless DC Motors 

A conventional DC motors suffers from the following two major problems: 

(i) They require more maintenance and need to replace brushes periodically 

(ii) Their operating voltage and speed is limited because of commutation difficulties 

To over-come these difficulties, we have to eliminate commentator and brushes. 

Thus, a motor that retains the characteristics of a DC motor but eliminates the commutator and 
brushes is called a brushless DC motor. 

The brushless DC motors are equipped with electronic circuits and devices which perform the 
same function as that of a mechanical commutator. 

Operating Principle 

The schematic diagram of a brushless DC motor is shown in Fig. 12.15. It consists of a multi-phase 
winding wound on a non-salient stator and a permanent magnet {PM) rotor. The required voltage 
is applied to the individual phase winding through a sequential switching operation such that the 
necessary commutation is achieved to impart rotation to the motor. The necessary switching operation 
is achieved by using electronic circuit and devices such as transistors, thyristors, etc. 



Fig. 12.15 Conventional diagram of a brush-less DC motor 
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Let US see how it operates 

When switch Sj is closed, winding-1 is energised, the PM rotor is aligned with its magnetic field. 
When switch is opened and Sj is closed, winding-2 is energised, the PM rotor is aligned with 
its magnetic field and turn through a particular angle. When a number of such phase windings are 
energised sequentially, the rotor rotates. 

In such motors, the windings can be designed for required voltage and very high speeds, as high 
as 40000 rpm. 

Advantages 

(i) Require little or no maintenance 

(ii) Have longer operating life 

{Hi) Less losses, more operating efficiency 

(iv) No sparking, hence can be used in the vicinity of combustible fluids and gases. 

(v) These are very reliable and efficient (efficiency is more than 75%). 

(vi) They are capable to run at very high speeds (more than 40000 rpm) 

Disadvantages 

(i) More expressive then conventional DC motors 

(ii) Additional electronic circuit and devises are required that increases the overall size of the 
machine 

Application 

Due to high reliability and low maintenance these motors find their applications in aerospace industry, 
satellites, gyroscope and high efficiency robotic system. These motors are also suitable for artificial 
heart pumps, disc drives, video recorders and biomedical fields. 


12.11 Stepper Motors 

A motor in which the rotor turns in discrete movements is called a stepper motor. 

A stepper motor, as its name implies, turns in discrete movements called steps. After the rotor 
makes a step, it stops turning until it receives the next command (or signal). 

Principle of Operation 

Stepper motor operation can be easily visualised by considering a series of electromagnets or solenoids 
arranged in a circle as shown in Fig. 12.16. When these solenoids are energised in sequence, their 
fields interact with the rotor, causing it to turn either clock wise or counter clockwise, depending 
upon the input commands (or signals). The stepping angle (a) is determined by the design of the 
motor, but it should not be greater than 180° in any case. 



Special Purpose Machines 


909 



Types of Stepper Motors 

There are two basic types of magnetic stepper motors 

(i) Permanent-magnet (PM) stepper motor 

(ii) Variable-reluctance {VR) stepper motor. 

12.11.1 Permanent-magnet (PM) Stepper Motor 

A stepper motor in which rotor is made of permanent magnet having even number of poles is called 

a permanent-magnet (PM) stepper motor. 

Construction 

The stator of a permanent-magnet stepper motor carries the similar winding as that of a conventional 
two-phase, three-phase or higher poly-phase induction or synchronous motor. The end terminals of 
all the windings are brought out to the terminal box for DC excitations. The rotor of this motor has 
even number of poles made of high retentivity steel alloy (Alnico) producing a multipole permanent 
magnet. Both rotor and stator may employ salient or non-salient pole construction. Usually, the stepper 
motors having small stepping angles are of non-salient pole type construction. 

Working 

Figure 12.17 (a) shows a typical PM stepper motor. With stator winding Aj - energised only, 
for the polarity shown in Fig. 12.17(b) the PM rotor is “locked” in the position shown. If stator coil 
Aj - Aj is de-energized and is energised, the polarity of south (S) is produced at Bj and 

north (N) at B^, causing the PM rotor to rotate 90° in response to the excitation torque produced 
by the winding Bj - B^. The excitation torque is maximum when the angle between the PM rotor 
and stator winding is 90°. 

Reversing the current in windings A and B, consecutively, in turn, results in continuous clock wise 
rotation of the PM rotor. Instead of reversing the supply voltages feeding each phase, a simplified 
switching arrangement using two solid-state (transistors or thyristors) switches accomplishes the 
current reversals in each phase of the two-phase windings, as shown in Fig. 12.17 (b). 
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(a) Winding position (b) Switching circuit 

Fig. 12.17 Permanent magnet stepper motor with switching circuit 


The adjoining table shows the switching sequence for the four-step stepper motor. Note that for 
a two-pole, two-phase stepper, the pole-phase product is 4. If 360° is divided by this product, we 
obtain the stepping length, or stepping angle, for any PM or VR stepper motor. 



degrees 


where n = the number of phases or stacks 

P = the number of rotor poles (or teeth) 


Switching step 

Switch 1 

Switch 2 

Angle of rotation 

1 

1 

4 

90° 

2 

3 

4 

180° 

3 

3 

5 

270° 

4 

1 

5 

360° (0°) 

1 

1 

4 

90° 


Since the number of teeth (or poles) on a rotor of given diameter is limited, it might appear 
that the solution to smaller stepping lengths is to increase the number of phases. But, as shown in 
Fig. 12.17 (b), increasing the number of phases (or stacks) results in a corresponding increase in the 
number of solid-state driven circuits. Since increasing the number of phases produces no particular 
performance advantages, steppers are rarely found having more than three phases or stacks. 

Finally, if reversal of the stepping motor is desired, the switching steps shown in the table (reading 
from top the bottom) may be reversed by performing the sequences steps 4-3-2-1 (reading from 
bottom to top). 

A new type of PM stepper motor has overcome the rotor size and weight problems that limit the 
maximum speed which motor can achieve. The rotor of this new type of stepper motor is a disc 
rather than the more typical cylinder. The rotor is a thin disc made from rare-earth magnetic material 
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(Fig. 12.18). Because the disc is thin, it can be magnetised up to a hundred individual tiny magnets, 
evenly spaced around the edge of the disc. Conventional PM steppers are generally limited to a 
minimum step angle of 30°, for a maximum of 12 steps per revolution. The new thin-disc motors 
are generally half the size of the ordinary stepper motors and weigh 60% less. 



The disc of the stepper motor is supported on a nonmagnetic hub, the disc and hub together form 
the rotor. The disc magnets are polarised with alternating north and south poles, as shown in Fig. 
12.18. A simple C-shaped electromagnet forms the field poles. When one of the phases is energised 
the rotor will align itself with the electromagnetic field generated. Then, when the first phase is 
turned off and the second is turned on, the rotor will turn by one-half of a half (or one-quarter) of a 
rotor pole to align itself with the field from the second phase. So that the rotor keeps turning in the 
same direction, the second phase is turned off and the first phase is turned on again. 


Example 12.1 


Determine the stepping angle for a 3-phase, 24 pole PM stepper motor. 


Solution: 

Stepping angle. 
Where 



Example 12.2 

To obtain a stepping angle of 7.5° for a 3-phase PM stepper motor, how many poles should the 
rotor have? 
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Solution: 

Stepper angle, 
where, 


12.11.2 Variable-reluctance (VR) Stepper Motor 

A stepper motor in which rotor is made of soft iron (low retentivity alloy) having teeth at the outer 
periphery to obtain variable reluctance is called a variable reluctance (VR) stepper motor. 

The essential difference between the VR stepper motor and the PM stepper is that the VR rotor uses 
soft-iron or low-retentivity alloy and the rotor torque is developed as a result of reluctance torque. That 
is, the rotor moves to that position where reluctance is minimised, and air-gap flux is maximised. 


a 


360° 


nP 

n = 3 and a = l-5°lstep 


7-5° 


360° 

3xP 


or P -. 


360° 

3 X 7-5° 


: 16 (Ans.) 


Construction 

Variable-reluctance (VR) stepper use a ferromagnetic multi-toothed rotor with an electromagnetic 
stator similar to the PM stepper. A typical three-phase design (Fig. 12.19). has 12 stator poles spaced 
30° apart; the rotor has eight poles spaced at 45° intervals. 



Fig. 12.19 Variable reluctance stepper motor 


Working 

The stator poles are energised sequentially by the three-phase winding. When current is supplied 
to phase-1, the rotor teeth closest to the four energised (magnetised) stator poles are pulled into 
alignment. The four remaining rotor teeth align midway between the non-energised reluctance 
between rotor and stator field. 

Energising phase-2 produces an identical response. The second set of four stator poles magnetically 
attracts the four nearest rotor teeth, causing the rotor to advance along the path of minimum reluctance 
into a position of alignment. This action is repeated as the stator’s electromagnetic field is sequentially 
shifted around the rotor. Energising the poles in a definite-sequence produces either clockwise or 
counterclockwise stepping motion. 
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The exact increment of motion (step angle) is the difference in angular pitch between stator and 
rotor teeth, in this case 30° and 45°, respectively, for a net difference of 15°. The VR stepper’s step 
angles are small, making possible finer resolution that can be obtained with the PM type. Maximum 
stepping rates generally are higher than that in the PM stepper. Also, because of the non-retentive 
rotor, VR steppers do not have detent torque when unenergised. 

A typical VR stepper uses a stator with 12 fields. Poles are set about 30° apart and grouped for 
three-phase operation where each phase has four coils set 90° apart. The rotor has eight teeth spaced 
45° apart. VR steppers have a maximum stepping speed of about 18,000 steps/s, much higher than 
the PM stepper can produce. At high speeds, however, the VR stepper tends to overshoot and must 
be damped. 

Applications 

Stepper motors are often used as output devices for microprocessor-based control system as in paper 
drives on printers and X - Y graphical plotters. For example, (/) in a graphical plotter pen driven 
by X-axis and Y-axis steppers is controlled by a microprocessor whose phase-controlled signals 
operate the drive circuits producing phase currents for each stepper motor. («) These motors are also 
used in closed-loop servo-systems, replacing conventional DC servomotors in DC-operated servo¬ 
mechanisms, to position machine tools and valves. {Hi) Further, since the signals fed to a stepper 
consist of a digital pulse train (of Os and Is), at a given repetition rate, the stepper may also serve as 
a digital-to-analog converter. 

Example 12.3 

Calculate the stepping angle for a 3-stack, 16-tooth rotor VR stepper. 

Solution: 

Stepping angle, a 

where n = 3 and P = 16 

a 

Section Practice Problems 


360° 

nP 


360° 
3x 16 


: 7-5° / step (Ans.) 


IMumerical Problems 

1. Determine the stepping angle for a 2-phase, 18 pole PM stepper motor. (Ans. lOVstep) 

2. To obtain the stepping angle of 10° for a 3-phase PM stepper motor, how many poles should the rotor 

have? (Ans. 12) 


3. Calculate the stepping angle for a 3-stack, 20 pole rotor VR stepper. 


(Ans. 6°/step) 
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Short Answer T ype Question s 

Q.1. Why brushless synchronous generators (or DC generators) are developed? 

Ans. To eliminate the problems associated with commutation (like sparking at the brushes, excessive heating, 
wear and tear, maintenance etc.) and brushes, brushless synchronous generators (or DC generators) 
have been developed. 

Q.2. What is a third-brush generator? 

Ans. It is a DC generator which contains three brushes instead of two. The third brush provides a regulated 
(constant) voltage irrespective to the speed. 

Q.3. What do you mean by brushless DC motor? 

Ans. A motor that retains the characteristics of a DC motor but eliminates the commutator and brushes is 
called a brushless DC motor. 

Q.4. What do you mean by a stepper motor? 

Ans. A motor in which rotor turns in discrete movement is called a stepper motor. 

Q.5. What are the factors on which the angular movement of the rotor of permanent magnet stepper 
motor depends? 

Ans. The angular movement of a stepper motor depends upon (i) number of phases or stacks (n) and (ii) 
the number of rotor poles (P) 

n 360° 

Q.6. Why a thire-disc stepper motor is preferred over a conventional Ptl7stepper motor? 

Ans. Because in these motors the size and weight of the rotor is very less comparatively. 


12.12 Switched Reluctance Motor (SRM) 

Construction 

The schematic diagram of a switched reluctance motor (SRM) is shown in Fig. 12.20. Both stator 
and rotor of the motor have salient poles. Exciting coils are placed on the stator poles wherein the 
diametrically opposite coils are connected in series to from a pair of poles. In Fig. 12.20. Four coils 
are grouped to form two phases (or pair of poles) A and B. The laminated stator poles are attached 
to a laminated yoke. The rotor is also laminated and made of some magnetic material. 

Operating Principle and Working 

The operating principle of a switched reluctance motor is the same as that of a variable reluctance 
motor. When stator coils are energised sequentially with a single pulse, a reluctance torque is developed 
due to the attraction between the rotor and stator poles. To obtain continuous rotation, the position 
of rotor and sensor’s timings are well synchronised (designed). High speeds can be developed by 
using high frequency pulses. 



Special Purpose Machines 


915 


Magnetic axis 
of phase-A 


Phase-A T Rotor axis 



Fig. 12.20 Switched reluctance motor (SRM) 


Advantages 

(0 Robust construction since no winding on the rotor or slip-rings are used 
(ii) Efficiency is high (about 75%) 

{Hi) Can be operated at high speeds (10000 to 30000 rpm) 

(iv) Also perform well at higher temperatures. 


12.13 Linear Induction Motor (LIM) 

A conventional induction motor gives a circular motion whereas, a linear induction motor gives a 
linear or translational motion. 

Thus, a linear induction motor (LIM) is a motor which gives a linear or translational motion 
instead of rotational motion as is obtained from a conventional induction motor. 


Construction 

To understand its construction, consider a 3-phase conventional induction motor as shown in Fig. 
12.21(a). Cut it along the axis A A’ and spread out flat as shown in Fig. 12.21(b). The stator winding 
is placed in the stator core called primary, whereas, the rotor short circuited ring or rotor conductor’s 
spread over the rotor core is called secondary. In the linear induction motors the secondary consists 
of a flat aluminium conductor with ferromagnetic core. 

Working 

As in case of conventional 3-phase induction motor, when 3-phase supply is given to the stator, a 
resulting rotating flux is produced. Similarly, in case of linear 3-phase induction motor when 3-phase 
supply is given to its primary, a resultant travelling flux is produced which travels from one end 
to the other and repeats the same. EMF or current is induced in the aluminium conductor due to 
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relative motion between the travelling primary field and stationary aluminium conductor or strip. 
BY the interaction of field produced by the secondary and the primary a linear force (or thrust) F 
is produced. If the secondary is kept fixed and primary is allowed to move, the force or thrust will 
move the primary in the direction of travelling field. 

The linear induction motor (LIM) shown in Fig. 12.21 (b) is called a single-sided linear induction 
motor (SLIM). However, the primary can be placed on both the sides of the secondary, as shown in 
Fig. 12.22(a). then the motor is called double-sided linear induction motor (DLIM) 


(a) Structure of conventional 
induction motor 


Primary 


(b) Structure of linear 
induction motor 



Fig. 12.21 Constructional features of Linear induction motor 




(a) Double sided linear induction motor 


(b) Characteristics of linear induction motor 


Fig. 12.22 Double sided linear induction motor and its characteristics 


Performance 

The linear synchronous speed of the travelling field, 

= 2/ X pole pitch metre/second 
The linear speed of the secondary 
V = V, (1 - 5) 

Where S is the slip of the linear induction motor 
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The thrust or linear force acting on the secondary or primary 

^ _ air gap power 

linear synchronous velocity i.e., 

The thrust and velocity curve of the linear induction motor is shown in Fig. 12.22(b). It is similar 
to the torque-speed curve of a conventional rotary induction motor 

Applications 

The main application of this motor is in transportation where primary is mounted on the vehicle and 
secondary is laid along the track. 

There are employed in cranes for material handily pumping of liquid metals, actuators for door 
movements, actuators for high voltage circuit breakers, etc. 


Comparison of Conventional (rotary) and Linear Induction Motors 


Se. No 

Particulars 

Conventional (or rotary) induction motor 

Linear induction motor 

1. 

Type of 
movement 

Angular rotation is obtained 

Linear movement is obtained. 

2. 

Torque or 
Thrust 

Torque deveiops in the rotor 

Thrust (force) is exerted on the 
secondary (or primary) 

3. 

Parts 

Main parts are caiied stator and rotor 

Main parts are caiied primary and 
secondary 

4. 

Magnetising 

current 

Air-gap is very smaii, magnetising current 
is smaii and pf is reasonabiy high. 

Air-gap in more and magnetising 
current is more which reduces the pf 

5. 

Transients 

Fiux distribution is reguiar and transients 
are iess 

Due to shorter secondary, fiux 
distribution is not reguiar, transients 
are more 


12.14 Permanent Magnet DC Motors 

A permanent magnet {PM) DC motor is similar to an ordinary DC shunt motor, except that its poles 
are made of permanent magnets and no excitation is required for the poles. Although these motors 
can be designed upto 75 hp but their actual field is confined to smaller sizes (fractional hp motors). 

Construction 

In these motors, the permanent magnets are supported by a cylindrical steel stator which provides an 
easy path for the magnetic flux. The cross-sectional view of a 2-pole permanent magnet DC motor 
is shown in Fig. 12.23. The permanent magnets occupy comparatively less space which reduces the 
overall size of the machine. The armature with conductors in its slots, commentator and brushes, 
etc, are the same as in a conventional DC machine. 
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Permanent 



Working 

Usually, these motors are operated on 12V (or less) DC supply which may be obtained from batteries 
or rectifiers. When supply is given to the armature, torque develops and motor picks up the speed as 
in ordinary motors. These motors are put directly on line without starter since their stalling torque 
is very high (5 to 6 times full load torque). 

The schematic diagram of the motor is shown in Fig. 12.24. It may be noted that, the supply is 
given to the armature and there is no field connections. 




Fig. 12.25 Speed-torque characteristics. 


E,= V- IA 

^ ^ _ / /? 

Motor speed, N a -E Or N a - “ “ 


Na V-I^R^ 


T al 


(since ^ is constant) 
(as T a (j) and cj) is constant) 
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The above relation shows that torque-armature current as well as torque-speed characteristics 
fallow the straight line, as shown in Fig. 12.25 

The characteristics of a permanent magnet {PM) DC motor can be changed by changing either 

(i) the supply voltage, V or 

(ii) resistance of the armature circuit 

By changing the supply voltage, the no-load speed of the motor is changed without affecting 
the slope of the characteristic, as shown in Fig. 12.26. Accordingly, a set of parallel speed-torque 
characteristics are obtained for a set of supply voltage (Vj, Vj, 1 ^ 3 , ...) 



Fig. 12.26 Effect of change in supply voltage Fig. 12.27 Effect of change in armature circuit resistance 

By change the effective resistance of the armature circuit (inserting some resistance in series with 
the armature), the slope of the speed-torque characteristic changes without affecting the no-load 
speed Nq of the motor, as shown in Fig. 12.27.. 

Salient Features of PM DC Motor 

(i) Generally, the size of this motor, for the same rating, is smaller than the excited field wound 
motors. 

(ii) Since these motors do not have exciting field winding, losses are reduced and improved efficiency 
is obtained. 

(Hi) Usually, these motors are used for low voltage (less than 12V) and smaller power rating (0.1 to 
5W). 

(iv) Smaller life for small motors which is basically determined by the commutator and brushes 
used. Usually, it is limited to 1000 to 2000 hour. 

While designing such motors, a compromise is made between cost, life span and efficiency. Since 
these motors are operated by battery, these are designed for an efficiency of 80%. 

Applications 

These motors are used for toys, windshield wipers, cordless tools, shavers, portable vacuum cleaners, 
automobile heaters, fans, wheel-chairs etc. For all these applications, millions of small PM DC motors 
with the ratings of 0.1 to 5W, 12 V or less than 12 V are produced every year. 
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12.15 Induction Generator 

A three-phase induction motor converts electrical energy into mechanical energy. When the same 
machine starts converting mechanical energy in to electrical energy, it is called as an induction 
generator. 

Let us see how this condition is achieved (Principle of operation). 

• When 3-phase AC supply in given to the stator winding of a 3-phase wound induction machine, 
a revolving field is produced in the stator core which rotates at synchronous speed. Current is 
induced in the rotor conductors and torque develops hy the interaction of rotor and stator fields. 
Rotor starts rotating at a speed less then synchronous speed (machine is acting as a motor). 

• Now, if the rotor is accelerated to the synchronous speed by means of a prime mover, the slip 
will become zero and hence the torque will be zero. The rotor current will become zero. The 
machine will just float on the bus-bars. At this stage, the machine is neither receiving any power 
nor delivering any power to the mains. 

• If the rotor is further accelerated and the rotor speed is increased more than the synchronous 
speed, the slip will become negative. The rotor conductors will generate current in opposite 
direction since they are cutting stator magnetic field due to relative speed between the rotor 
conductors and the stator revolving field. 

• This generated rotor current produces a rotating magnetic field in the rotor which applies thrust 
on to the stator field in opposite direction. Consequently, an emf is generated in the stator winding 
which is larger than the applied voltage and acts in opposite direction. This pushes the current 
to flow out of the machine, thus the machine starts working as an induction generator. 

The induction machine working as a generator is not a self-excited machine. In order to develop 
rotating magnetic field, it requires magnetising current and draws reactive power from the mains. 
At the same instant, it supplies active power to the mains as shown in Fig. 12.28, proportional to 
the slip above the synchronous speed. It shows that an induction generator cannot work in isolation 
because it continuously requires reactive power from the supply mains. 



Fig. 12.28 Induction machine working as a generator 

However, the problem can be solved by connecting a capacitor bank to supply reactive power 
equivalent to the reactive power which was earlier supplied by the mains. 
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Isolated Induction Generator 

Isolated induction generator is also called a self-excited induction generator. It is called a self-excited 
because in isolation when the rotor of induction generator is rotated at an enough speed, a small 
voltage is generated across the stator terminals due to residual magnetism. This small voltage produces 
current to pass through the capacitor bank connected across the stator terminals. The capacitor bank 
provides the further reactive power for magnetisation. 




Prime 

mover 




P (active power) 



Induction 

generator 


Fig. 12.29 Induction Generator in Isolated 


In induction generators, the reactive power required to establish air-gap flux is provided by a bank 
of capacitors in case of stand-alone system. But is case of grid connected system, the reactive power is 
met by the grid. In case of grid-connected system, the voltage and frequency of the machine is taken 
care by the grid. But in case of stand-alone system, the frequency and voltage of the machine depend 
upon machine parameters, capacitors used for excitation and the type and value of load applied. 

Advantages 

1. Induction generators do not require commutator and brush arrangement as it is needed for 
synchronous generators and hence these are more rugged. 

2. These are more simple in construction (mechanically and electrically) than other generators 

Disadvantages 

They take quite a large amount of reactive power. 

Limitations 

The requirement of large amount of reactive power puts limit to its common applications. These are 
only used for some special applications. 

Applications 

These generators are best suited where rotor speed is varying occasionally such as in wind turbines 
and in micro-hydro power plants 
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12.16 Submersible Pumps and Motors 

A submersible pump or electric submersible pump *(ESP) is a device which has a ‘‘hermetically 
sealed motor coupled to a pump body as shown in Fig. 12.30(fl). The whole assembly is submerged 
in the fluid or liquid to be pumped. Submersible pumps push fluid to the surface instead of pulling it 
as it is being done in jet pumps. Submersibles are more efficient than jet pumps. The main advantage 
of this type of pump is that it prevents pump cavitation, a problem associated with a high elevation 
difference between pump and the fluid surface. 



(a) sectional view (b) Submersible pump 

Fig. 12.30 Submersible pump and motor assembly 


Working Principle of Pump 

The submersible pumps used in ESP installations are multistage centrifugal pumps operating in a 
vertical position. Its external view is shown in Fig. 12.30(^7). The basic principle of a submersible 
pump is that the surrounding liquid (water or oil) after being subjected to great centrifugal forces 
caused by the high rotational speed of the impeller, lose their kinetic energy in the diffuser where a 
conversion of kinetic energy to pressure energy takes place. This is the main operational mechanism 
of radial and mixed flow pumps. 


* ESP means Electric Submersible Pump 
** Hermetical real means airtight seal 
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The pump shaft is connected to the gas separator or the protector by a mechanical coupling at 
the bottom of the pump. The surrounding fluid enters the pump through an intake screen and is 
lifted by the pump stages. Other parts include the radial bearings (bushings) distributed along the 
length of the shaft providing radial support to the pump shaft turning at high rotational speeds. An 
optional thrust bearing takes up part of the axial forces arising in the pump but most of those forces 
are absorbed by the protector’s thrust bearing. 




Different 

Chambers 


Impellers 


Inlet 


Fig. 12.31 Sectional view of pump 


Value casing 
(Cast iron Nickel plated) 

Valve cap 


The pump itself is a multi-stage unit, as shown in Fig. 12.31, with the number of stages being 
determined by the work requirements. Each stage consists of a driven impeller and a diffuser which 
directs flow to the next stage of the pump. Pumps come in diameters from 90 mm (3.5 inch) to 254 
mm (10 inch) and their length varies between 1 metre (3 ft) and 8.7 metre (29 ft). The motor used 
to drive the pump is typically a three phase, squirrel cage induction motor, with a nameplate power 
rating in the range 7.5 kW to 560 kW (at 50 or 60 Hz). 

The ESP system consists of a number of components that turn a staged series of centrifugal pumps 
to increase the pressure of the well fluid and push it to the surface. The energy to turn the pump 
comes from a high-voltage (3 to 5 kV) alternating-current source to drive a special motor that can 
work at high temperatures of up to 300°F (149°C) and high pressures of up to 5000 psi (34 MPa), 
from deep wells of up to 12000 feet (3.7 km) deep with high energy requirements of up to about 1000 
horsepower (750 kW). ESPs have dramatically lower efficiencies with significant fractions of gas. 
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greater than about 10% volume at the pump intake. Given their high rotational speed of up to 4000 
rpm (67 Hz) and tight clearances, they are not very tolerant of solids such as sand. 

Submersible Motor 

A submersible pump coupled to a motor, as shown in Fig. 12.30(a), is used to lift fluid (or water) is 
called submersible motor. It may be a single-phase capacitor start capacitor run motor or a 3-phase 
squirrel cage induction motor which is hermetically sealed and coupled to the pump. The size of the 
motor varies from 75 mm (3 inch) to 250 mm (10 inch) in diameter. 


Constructional Details 

The sectional view of motor is shown in Figs. 12.32(a) and 12.32(h) 



(a) Various parts (b) Sectional view 

Fig. 12.32 Submersible motor 


1. Cable Entry System. Epoxy sealed, cable connections are being made. 

2. Frame. Unlimited run dry capability, optional continuous-in-air duty allows extended exposure of tbe 
motor under full load without overheating. UL explosion proof and rust proof available. 

3. Hardware. Nuts and bolts of different sizes. 








Special Purpose Machines 


925 


4. Stator core. It is made of high grade siiicon steei stampings. 

5. Stator Insulation. Specially treated Class “F” and “H” with special coating no hydroscopic insulation. 

6. Rotor. Die cast aluminium, dynamically balanced. As per NEMA (National Electrical Manufacturer 
Association) standards. 

7. Shaft. High strength, 416 stainless steel. 

8. Bearings. Specially adapted for vertical assembly. Both upper and lower bearing are prefixed and sealed 
for life with special high temperature grease. 

9. Monitoring System. Two wire, two probe monitoring system constantly monitors oil conditions. 

Technical Specifications of Oil Lubricated Submersible Motor 

4” Oil Lubricated Motors 
Make: XYZ (rewireable) 

Upper/Lower bracket and motor base are made of cast iron with nickel coating. 

Motor shaft is of SS 420 grade or above 
Stator shell is of SS 304 

Winding wire is dual coated with Class-B insulation 

Flange and shaft size as per NEMA (National Electrical Manufacturer Association) standard 
Degree of protection : IP 58 (IP 58 is an International Protection Rating Code) 

Max oil temperature : 50°C 

Start/H : Max30 

Allowable voltage variation : +6% / -10% 

Max depth immersion : 250 m 

Mounting : vertical / horizontal 

Single phase motors are capacitor start capacitor run 
Motor cable length : 3m/3 core 

Coolant : Dielectric non-toxic. 

Versions 

Single Phase 0.25 kW to 2.2 kW, 220-230 volt/50 Hz 
Three Phase 0.55 kW to 5.5 kW, 380-400 volt/50 Hz 
Other voltage and frequencies are also available on demand 

4” Water Lubricated Motors 
Make: XYZ (rewireable) 

Upper/Lower bracket and motor base are cast iron with nickel coating 
Motor shaft is of SS 420 grade or above 
Stator shell is of SS 304 
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Winding wire poly propylene with Class-B insulation 
Flange and shaft size as per NEMA standard 
Water lubricated radial and thrust bearing 
Degree of protection : IP 68 

Max water temperature : 50°C 

Start/H : Max 30 

Allowable voltage variation : +6%/-10% 

Max depth immersion : 250 m 

Mounting : vertical / horizontal 

Single phase motors are capacitor start capacitor run 
Motor cable length : 3 m/3 core 

Versions 

Single Phase 0.25 kW to 2.2 kW, 220-230 volt/50Hz 
Three Phase 0.55 kW to 5.5 kW, 380-400 volt/50 Hz 
Other voltage and frequencies are also available on demand. 

Applications 

Submersible pumps are found in many applications. Single stage pumps are used for drainage, sewage 
pumping, general industrial pumping and slurry pumping. They are also popular with aquarium 
filters. Multiple stage submersible pumps are typically lowered down a borehole and used for water 
abstraction, water wells and in oil wells. 


12.17 Energy Efficient Motors 

There is a large gap between the demand and supply of electrical energy. This gap is widening at the 
rate of 3%. To reduce this gap either we are to increase the generation of electrical energy or we are 
to conserve it. It is very difficult to increase the generation of electrical energy as per the increasing 
demand. Therefore, it is suggested to employ energy efficient electric motors. 

For conversion of electrical energy into mechanical energy, the basic need of industry is electric 
motors. Electric motors consume around 70% of the total electricity used in the industrial sector. As 
motors are the largest users of electrical energy, even small efficiency improvements can produce 
very large savings across the country. Energy conservation measure taken by individual consumers 
in this direction can improve the national economy and benefit the environment on global scale. 

An energy efficient motor produces the same shaft output power but draws less input power 
than a standard motor. Hence energy efficient motor consumes less electricity than comparable 
standards motor. 
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Fig. 12.33 Pictorial view of induction motor 


Energy-efficient motors, also called premium or high-efficiency motors, are 2 to 8% more efficient 
than standard motors. Motors qualify as “energy-efficient” if they meet or exceed the efficiency 
levels listed in the National Electric Manufacturers Association’s (NEMA’s) 

Energy-efficient motors possess their higher performance characteristics because of their improved 
design and more accurate manufacturing tolerances, as mentioned below: 

1. More copper, using wire of larger diameter in the stator saves energy by reducing the resistance 
of the stator winding consequently reducing copper losses. 

2. Thinner steel laminations, decrease eddy current losses 

3. Longer stator, lowers magnetic density and increases cooling capacity. As a result, both magnetic 
and load losses are reduced. 

4. Efficient cooling fan design, improves air flow and reduces power required to drive the fan. 

5. Premium grade steel core, reduces hysteresis losses. 

6. Modified stator slot design, helps to decrease magnetic losses and makes room for larger 
diameter wire. 

7. Larger rotor conductor bars and end rings, reduce rotor resistance losses 


Stator core 
thinner steel 
laminations 



More copper 
wire of larger 
diameter 


Longer stator 
core 


Modified 
stator slot 


Premium grade 
steel core 


Larger rotor 
conductors 
and end rings 


Efficient 
cooling fan 


Fig. 12.34 Sectional view of an induction motor 
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Features: 

Standards 

Mounting 

Voltage 

Frequency 

Ambient 

Altitude 

Enclosure 

Protection 

Insulation class 


IS: 12615, IS: 325, IS: 1231 and IS: 2223 

Foot (B3), flange (B5), face (B14) and combinations 

415 ± 10% or as required 

50 Hz ± 5% or as required 

45°C. 

upto 1000 m above m.s.l. 

Totally enclosed fan cooled (TEFC) 

IP55 

Class F insulation with temp, rise limited to class B. 


Advantages of energy efficient motors 

• Save energy and money 

• Near uniform efficiency from 50% to 100% of full load ensuring energy savings even at part 
load conditions also 

• Short payback period 

• Substantial savings after payback period 


Range 

Energy efficient motors manufactured by major industries are designed as per the values specified 
in IS: 12615. They have near uniform efficiencies between 50 and 100% of load as shown in Fig. 
12.17. The motors are available from 2.2 kW to 200.0 kW in 2 and 4 pole variety. 


Efficiency comparison for 11 kW/4P motor 



Fig. 12.35: Characteristics of energy efficient induction motor 


Applications 

Energy efficient motors are especially suited for industries which are power intensive and equipments 
which run on constant load for long duration. 
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Section Practice Problems 


Sho rt Answer Type Questions 

Q.1. What is linear induction motor (LIM)? 

Ans. A motor which gives a iinear or transiationai motion instead of rotationai motion is caiied a iinear 
induction motor. 

Q.2. Which type ot motor is usually applied in toys? 

Ans. Usually, permanent magnet DC motor is employed in toys. 

Q.3. What is an induction generator? 

Ans. When a 3-phase induction motor is driven by the prime-mover at a speed higher than synchronous 
speed, it is called as an induction generator. 

Q.4. What is the major difference in the construction of suhmersihle pump motor and a conventional 
induction motor? 

Ans. A submersible pump motor is larger in length but smaller in diameter. 

Review Questions 

1 . What is a servomotor? Classify DC servomotors. 

2. Explain the working of an armature-controlled DC servomotors. 

3. How a two-phase servomotor works. 

4. Explain the constructional details of a Schrage motor. 

5. Explain, how speed control and p.f. control is possible in Schrage motors. 

6. Give at least five applications of a Schrage motor. 

7. With the help of a block diagram explain the working of a brushless synchronous generator. 

8. Explain, how a brushless synchronous motor works. 

9. With the help of neat diagram explain how a third brush generator is most suitable for charging of batteries 
in automobiles. 

10. What is a brushless DC motor, how it operates? What are its advantages and disadvantage as compared 
to a conventional DC motor? 

11. What is a stepper motor? Explain the constructions and working of a PM stepper motor. 

12. With a neat sketch explain the constructions and working of a VR stepper motor. How it differs from a 
PM stepper motor? 

13. Explain the construction and working of a disk type PM stepper motor. Why it is preferred over a 
conventional stepper motor? 

14. Mention some of the applications of a stepper motor. 

15. Explain the construction and working of a switched reluctance motor. 

16. What is a linear induction motor? Explain its working and applications. 
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17. Make a comparison between a linear induction motor and a conventional (rotary) induction motor. 

18. Explain the construction and working ot a permanent magnet DC motor. 

19. Why a permanent magnet DC motor is best suited tor toys? 

20. What is an induction generator? What are its limitations? 

21. Can an induction generator work as a stand-alone unit? Justity your answer. 

22. Describe the working principle ot submersible pump. 

23. Describe the construction and working of submersible motor-pump. 

24. Describe the main design characteristics and applications of a submersible motor. 

25. What is the necessity of employing energy etficient motors? Its initial cost is more still it is preterred, 
justity. 

26. To improve the efficiency of an induction motor, what adjustments are required to be made in its designing? 
Explain. 

27. By improving the design ot an induction motor to make it “energy etficient”, its cost will increase, how 
will you justify that it will be more economical for a consumer in the long run? 


Multiple Choice Questions 


1. The motors which are used in the control system are called 

(a) quick motors (b) servomotors 

(c) toy motors {d) all of these 

2. When the brushes ot a Schrage motor are moved apart, the speed ot the motor 

(a) decreases (b) increases 

(c) both a and b (b) none of these 

3. When the brushes ot a Schrage motor are move apart symmetrically, the p.t. of the motor 

(a) improves (b) become poor 

(c) is not affected (b) nothing can be said 

4. A brushless generator is preferred over generator having brushes because it eliminates 

(a) heavy sparking at brushes (b) excessive heating 

(c) wear and tear (b) all of these 

5. In PM stepper motor, the rotor contains 

(a) electromagnets 

(b) permanent magnet having even number ot poles 

(c) permanent magnet having odd number ot poles 

(b) none otthese 

6. The alloy used tor the construction ot rotor ot a PM stepper motor is 

(a) Alnico (b) Brass 

(c) Bronze (b) none of these 
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7. A 3-phase induction motor is caiied a 3-phase induction generator 
(a) when its speed is equai to synchronous speed 

{b) when it is driven at a speed higher than synchronous speed 
(c) when its siip is negative 
(rf) both b and c. 

8. The submersibie pumps used in ESP instaiiations are piaced in... 

(a) horizontai position (b) verticai position 

(c) inciined at 60° position (o') any desired position 

9. To improve efficiency of induction motors, the foiiowing improvements in design are made.... 

(a) iarger diameter of winding wire is used (b) stempings are made thin 

(c) iength of stator core is increased (d) aii of these 


Keys to Multiple Choice Questions 


l.b 

2.a 

3.C 

4.d 

5.b 

6.a 

7.d 

8.b 

9.d 





Open Book Questions 


Test Questions 

Refer Art. No. 

Chapter 1 

I 





1. 

What do you mean by magnetic field? Give Its significance. 

1.1 


2. 

What do you mean by ohm’s law for magnetic circuits? How It Is different to the 
ohm’s law for electric circuits? 

1.2 


3. 

What are the similarities of magnetic and electric circuits? 

1.4 


4. 

Analyze a series magnetic circuit. 

1.6 


5. 

What do you mean by leakage flux, useful flux and leakage co-efficlent? 

1.8 


6. 

Draw and explain magnetisation curve of a magnetic material. 

1.9 


7. 

What do you mean by hysteresis loss? Why do we prefer to use silicon steel 
material for the construction of core of a transformer? 

1.11 and 1.12 

II 





1. 

Define and explain electro-magnetic Induction. 

1.13 


2. 

State and explain Fleming’s right hand rule and Lenz’s law. 

1.15 


3. 

What do you mean by statically Induced emf? How mutually Induced emf Is 
different to self Induced emf? 

1.18 


4. 

State and explain how mutual Inductance develops between the two colls. 

1.20 


5. 

What will be the total Induction when two Inductances are connect In series (1) 
when their field are set-up In the same direction (II) When their field are set-up 
In opposite direction. 

1.22 


6. 

What are the factors on which energy stored In the magnetic field depends? 

1.23 

III 





1. 

How will you define a generator and motor? Can the same machine work as a 
generator and motor. 

1.26 


2. 

By using a permanent magnet placed In the magnetic field, explain how torque 
Is developer by the alignment of two magnetic fields? 

1.27.2 


3. 

Draw and explain the wave diagram of an Induced emf In a coll, when coll Is 
rotated In a uniform constant magnetic field. 

1.30 


4. 

Differentiate between generator and motor action. 

1.31.2 
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Test Questions 

Refer Art. No. 

Chapter 2 

1 





1. 

What is the basic principie underiying the operation of practicaiiy aii 
transformers? How are current, voitage and number of turns reiated to one 
another in the primary and secondary of the transformer. 

2.2 and 2.5 


2. 

How wiii you ciassify the concentric windings used in iarge transformers? 

2.3.3 


3. 

What are transformer bushings? How wiii you differentiate between oii fiiied 
and condenser bushings? 

2.3.5 


4. 

Expiain the construction and working principie of a transformer and derive its 
emf equation. 

2.4, 2.2 and 
2.7 


5. 

Derive an expression for the emf induced in a transformer winding. Show that the 
emf induced per turn in primary is equai to the emf per turn in secondary winding. 

2.7 


6. 

A transformer is anaiogous to mechanicai gear drive, justify. 

2.5 

II 





1. 

Expiain the principie of working of a transformer. Draw its phasor diagram on 
no-ioad. 

2.2 and 2.8 


2. 

What do you know about no-ioad current of a transformer and upon what factors 
does itdepend? 

2.8 


3. 

What is the effect of saturation on exciting current of singie-phase transformer? 

2.9 


4. 

With the heip of wave diagram expiain the effect of magnetisation on no-ioad 
current drawn by transformer. 

2.9 


5. 

If the magnetising current of a singie-phase transformer is assumed a sine wave 
then show that the fiux wave must be fiat-topped. 

2.9 


6. 

Describe the inrush current phenomenon in a transformer. 

2.10 

III 





1. 

Expiain how fiux in the transformer core remains fairiy constant from no-ioad 
to fuii-ioad (ampere-turns baiance). 

1.11 


2. 

Draw and expiain the phasor diagram of a transformer on ioad, negiecting winding 
resistance and reactance, at unity and iagging power factor. 

2.11 


3. 

Expiain the working of a transformer at no-ioad and on ioad conditions. 

2.8 and 2.11 


4. 

What shouid be the vaiue of primary resistance when referred to secondary side. 

2.13 


5. 

What is the effect of ieakage fiux in a transformer? 

2.14 


6. 

Derive the vaiue of totai impedance of a transformer referred to primary side. 

2.13, 2.15 and 
2.17 

IV 





1. 

Draw the phasordiagram of a singie-phase transformer on-ioad and describe it. 

2.16 
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Test Questions 

Refer Art. No. 


2. 

Draw and briefly explain about transformer equivalent circuit. 

2.16 


3. 

Draw a complete phasor diagram for a transformer when the load p.f. is lagging. 

2.16 


4. 

Draw approximate equivalent circuit of a transformer referred to primary side 
and indicate how it differs from the exact equivalent circuit. 

2.18 


5. 

Define voltage regulation of a transformer and deduce expression for voltage 
regulation. 

2.19 and 2.20 


6. 

What is voltage regulation of transformer and derive expression for the real 
transformer supplying load at lagging power factor? 

2.19 and 2.20 


7. 

Draw Kapp’s regulation diagram and explain how the regulation of the 
transformer is determined from the diagram. 

2.22 

V 





1. 

What are the various losses in a transformer? Where do they occur and how 
do they vary with load? 

2.23 


2. 

Why does all the transformers produce buzzing noise? Can it be eliminated? 
How can it be minimised? 

2.23 


3. 

State and prove the condition for maximum efficiency of a transformer. 

2.26 


4. 

How load power factor affects the efficiency of transformer? Explain. 

2.28 


5. 

What is all-day efficiency of a transformer? How does it differ from ordinary 
efficiency? 

2.29 

VI 





1. 

How can you determine the polarity of leads of a single-phase transformer? 

2.31 


2. 

Draw and explain the circuit diagram of open circuit test in single-phase 
transformer. What is the use of this test? 

2.33 


3. 

Explain how can you determine the parameters of equivalent circuit of a 
transformer no-load and short circuit test. 

2.33 and 2.35 


4. 

What are load losses occurring in a single-phase transformer? Explain the test 
used to determine variable losses. 

2.33 and 2.35 


5. 

Describe a back-to-back test for separation of losses in two identical transformers. 

2.36 

VII 





1. 

Discuss parallel operation of single-phase transformers. 

2.38 and 2.39 


2. 

What are the conditions necessary for parallel operation of single-phase 
transformers? How to achieve them? 

2.40 


3. 

Explain the necessary and sufficient conditions for parallel operation of 
transformers. 

2.40 


4. 

Obtain the load division between transformers of unequal voltage ratio in parallel 
operation of the transformers. 

2.41 
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Test Questions 

Refer Art. No. 

VIII 





1. 

Write short notes on an Auto Transformer 

2.42 


2. 

What is an autotransformer? How does it differ from conventionai two winding 
transformer? State its one appiication. 

2.42 and 2.52 


3. 

Make a comparison between an auto-transformer and a potentiai divider 

2.43 


4. 

Write down the working principie, construction and operation of auto 
transformer. Draw the phasor diagram aiso. 

2.42 and 2.47 


5. 

What are the advantages of using an autotransformer over two winding 
transformer? 

2.45 


6. 

What are the disadvantages of using a two winding transformer over an 
autotransformer? 

2.45 


7. 

What are the disadvantages of auto-transformer in comparison to two-winding 
transformer? 

2.46 


8. 

Compare the weights of copper (G) in an auto-transformer and a two winding 

transformer of the same VA rating. Show that: where = 

“7W M 

Voitage ratio of transformer. 

2.44 


9. 

Discuss the advantage, disadvantages and appiications of auto-transformer as 
compared to two winding transformer. 

2.45 and 2.52 


10. 

Draw and expiain phasor diagram of an auto-transformer. 

2.47 


11. 

Obtain the required voitage expressions for the equivaient circuit of an auto 
transformer and draw the equivaient circuit of auto transformer. 

2.48 and 2.49 


12. 

Compare the operation of autotransformer with two winding transformer. 

2.41 


13. 

Compare the characteristics of auto transformers and two winding transformers. 

2.41 


14. 

Can a 2-winding transform be converted into an auto-transformer, how? 

2.40 


15. 

Why is auto-transformer not used as a distribution transformer? 

2.46 


16. 

Show that in case of an auto-transformer 

Inductiveiy transferred power _ High voitage - Low voitage 

Totai power ~ High voitage 

2.42 

Chapters 

1 





1. 

Expiain core type and sheii type construction of 3-phase transformers. 

3.2 


2. 

Draw and expiain the connections of 3-phase transformer with symboiic 
notation DdO. 

3.7.2 


3. 

What are different winding connections normaiiy used in 3-phase transformers? 
What is the effect of the connections on exciting current? 

3.6 


4. 

Write a short note on 3-phase transformer. 

3.2 and 3.3 
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II 





1. 

What are the necessary conditions to be fuifiiied before connecting two 
transformers in paraiiei? if these conditions are not fuifiiied what happens? 

3.10 


2. 

How stabiiisation is provided by tertiary winding in star-star transformer? 

3.12.1 


3. 

What is the use of tap changes provided on the transformers? 

3.13 


4. 

Expiain various types of on ioad tap changing methods. 

3.14 


5. 

Expiain about on-ioad Tap changing transformer 

3.14.2 

III 





1. 

Draw and expiain open deita connection. Compare its capacity with deita-deita 
connection. 

3.16 


2. 

Expiain open-deita or V-V connections with the heip of phasor diagrams. 

3.16 


3. 

What are Scott connections? Discuss with appropriate connections. 

3.18 


4. 

in a 3-phase transformer, discuss the 3-phase to 2-phase conversion and 
vice-versa. 

3.19 


5. 

What are the methods of cooiing of 3-phase transformers? Expiain two methods 
in detaii. 

3.21 

Chapter 4 


1. 

Name major parts of a DC machine. Draw the sketch and show the path of 
magnetic fiux in a 4-poie DC machine. 

4.2 


2. 

Discuss the difference between singie iayer and doubie iayer winding. 

4.7 


3. 

Compare iap and wave winding. Where each type of winding is used and 
why? 

4.1 and 4.3 


4. 

Expiain why a commutator and brush arrangement is necessary for the operation 
of a DC machine. 

4.1 and 4.2 


5. 

With the heip of sketches, describe the main parts and working principie of a 
DC generator. 

4.2 


6. 

Expiain in brief the construction of a DC machine. 

4.3 


7. 

Draw neat diagram of a commutator segment and expiain its functions. 

4.5 


8. 

Expiain what do you understand by (/) iap and wave windings (/'/) dupiex 
windings. 

4.8 


9. 

iiiustrate with suitabie diagrams the patterns of (/) iap winding and (//) wave 
winding of the armature of a DC machine. Expiain the reiative merits and the 
appiications of the two types of windings. 

4.8 and 4.13 


10. 

Expiain why equaiiser connections are used in iap windings and dummy coiis 
are sometimes used in wave windings. 

4.8 and 4.13 


11. 

Highiight the factors on which the choice of type of armature winding of a DC 
machine wiii depend. 

4.10(6) 
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12. 

Write short notes on the following: 



(i) 

Principle of operation of DC generator. 

4.1 


(ii) 

Construction and function of commutator. 

4.2 


(ill) 

Lap winding. 

4.8 


(iv) 

Wave winding-merits and demerits over lap winding. 

4.13 

II 





1. 

Derive the EMF equation of a DC machine? 

4.16 


2. 

Derive an equation for emf in a DC machine. 

4.16 


3. 

Derive the emf equation from fundamentals and explain why lap winding is 
preferred for low voltage high current machines. 

4.16 


4. 

Derive torque equation of a DC machine and mention the factors on which it depends. 

4.17 


5. 

What do you understand by the term ‘armature reaction’? How does it affect 
the main field flux? Define GNP and MNP. 

4.18 


6. 

For a DC generator working without interpoles, explain the necessity of the 
brushes having a positive/forward lead. 

4.18 


7. 

What are the effects of armature reaction of a non-interpole DC generator? What 
are the remedial measures taken to counter the effects of armature reaction? 

4.18 


8. 

Discuss briefly armature reaction and commutation in DC machines. 

4.18 and 4.20 


9. 

“As brushes in a DC machines are shifted, magnetising/demagnetising ampere- 
turns appears”. Explain with the help of a diagram. 

4.19 


10. 

What are the types of commutation possible in a DC machine? Explain them 
with graph. 

4.20 


11. 

Explain the process of commutation in a DC machine and discuss the methods 
to improve it. 

4.20 


12. 

What is meant by commutation process in DC machines? How is sparkless 
commutation achieved in DC machines? 

4.20 


13. 

How inductance of a coil affects commutation in a DC machine? How its effect 
can be neutralised? 

4.21 


14. 

What do you mean by good commutation and bad commutation? 

4.23 


15. 

What are commutating poles? Why are they used? Why are these poles (/) 
wound with series turns, and (//) tapered? 

4.24 


16. 

Why are compensating winding and interpoles provided in a DC machine? 
Describe their role in improving the performance of the machine as a generator. 

4.24 and 4.25 


17. 

What is commutation? Give causes of sparking on the commutator and state 
how it can be avoided. 

4.20, 4.24 and 
4.25 


18. 

Discuss the methods in details to achieve sparkless commutation. 

4.24 and 4.25 
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19. 

Describe the effects of armature reaction on the operation of DC machines. 
Describe aiso the remedies empioyed for decreasing the effects of armature 
reaction. 

4.18, 4.24 and 
4.25 

III 





1. 

Describe with suitabie diagram various types of DC machines. 

4.27, 4.28 and 
4.29 


2. 

Write a short note on DC generator characteristics. 

4.31 


3. 

Describe the open-circuit characteristics of DC generators. 

4.32 


4. 

Expiain the process of voitage buiid up in a DC shunt generator. What is the 
fieid circuit criticai resistance? 

4.33 


5. 

What couid be the causes for the faiiure of voitage buiid-up of DC seif excite 
generator? How can the probiem be remedied? 

4.33 


6. 

A DC shunt generator faiis to buiid up voitage when it is operated at the rated 
speed. What may be the possibie reasons for this? Expiain. 

4.33 


7. 

Why is the shunt generator characteristic on ioad drooping and turns back as 
it is overioaded? Expiain. 

4.35 


8. 

A DC shunt generator can operate under short-circuit condition but series and 
cumuiative compound generator cannot operate under this condition. Expiain 
the reason. 

4.35, 4.36 and 
4.37 


9. 

Differentiate over, ievei and differentiai compounding with the heip of their 
externai characteristics. 

4.37 


10. 

What is degree of compounding? How does it affect the externai characteristic 
of a DC generator? How may the series fieid ampere-turns be estimated for a 
desired degree of compounding? 

4.37 


11. 

Give the appiications of different types of DC generators with reasons and 
justification. 

4.39 

Chapters 

1 





1. 

Expiain the principie of operation of DC motors. What is back emf in DC motors? 
What is its significance? 

5.2, 5.3 


2. 

What is significance of back emf in DC machines and derive the expression for it. 

5.3 


3. 

What is back emf? is the back emf greater or iesser than the appiied voitage? 
Why? By what amount do the two voitages differ. Write voitage equation of a 
motor. 

5.3 


4. 

Derive an expression for the speed of a DC motor in terms of back emf and 
fiux per poie. 

5.3 


5. 

How may the direction of rotation of a DC shunt motor be reversed ? What is 
the effect of reversing the iine terminais? 

5.4 
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6. 

Define an expression for the torque deveioped by a DC motor in terms of (j), Z, 
P, A, where the symbois have usuai meaning. 

5.4 


7. 

Mention different types of DC motors. 

5.7 


8. 

Differentiate between different types of DC motors. 

5.7 


9. 

Expiain the speed-current, torque-current and speed-torque characteristics of 
a DC shunt motor. 

5.9 


10. 

What are the important characteristics of DC motors? Sketch aii these 
characteristics for DC series motors. 

5.10 


11. 

Derive an expression for torque of a DC motor. Hence draw torque vs current 
(or ioad) characteristics of DC shunt and DC series motors. 

5.10 


12. 

Compare the speed-current characteristics of various types of DC motors. 

5.9,5.10,5.11 


13. 

Expiain the speed-armature current characteristics of series and shunt motors. 

5.9, 5.10 


14. 

Draw speed-torque characteristics of (/) DC shunt motor (//) DC series motor 
{Hi) DC cumuiativeiy compounded motor. Mention one industriai appiication of 
each one of these motors. 

5.11 and 5.12 


15. 

List appiications of DC shunt, DC series and DC compound motors. 

5.12 


16. 

Expiain the function of no-voit and over ioad reiease coii in a two-point series 
motor starter? 

5.19 


17. 

Name various starters used for DC motor and expiain working of any one of 
them with a suitabie diagram. 

5.14, 5.15 


18. 

Expiain why a starter is required for starting a DC motor. Describe a 3-point 
starter having no-voit and over-ioad protections for starting a DC shunt motor. 
What modification is made in a 4 point starter? 

5.14,5.16, 

5.13 


19. 

What may happen to a DC shunt motor connected to a three-point starter if the 
fieid excitation is kept minimum at the time of starting ? 

5.16 


20. 

Way a DC motor draws heavy current at start? How does a 4-point starter of 
DC motor works? 

5.14, 5.17 

II 





1. 

What are the different methods of speed controi of a DC motor? give the 
advantages and disadvantages of each in brief. Why is it dangerous to uncoupie 
the mechanicai ioad of a DC series motor? 

5.10,5.20 


2. 

Make a iist of different speed controi methods for DC motor. Discuss merits 
and demerits of each method. 

5.20 


3. 

What are various speed controi methods of a DC motor? Expiain each of them 
in brief with neat diagram. 

5.20 


4. 

How may the speed of a DC shunt motor be controiied by armature voitage and 
fieid fiux? Expiain tbe principies and state the iimitations of the two methods. 

5.21 


5. 

For a DC motor the fieid fiux-speed controi method is caiied a constant power 
drive method. Expiain. 

5.21 
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6. 

Explain with neat sketch how speed control of a DC shunt motor is obtained 
by Ward Leonard control system. How the direction of rotation of the motor is 
usually reversed in this method of speed control? 

5.22 


7. 

Define speed regulation and percentage speed regulation of a DC motor. 

5.23 


8. 

Explain the series-parallel control of two identical series motors. How many 
speeds are possible? Are the motors run faster in series combination or parallel 
combination? 

5.24.3 


9. 

With relevant circuit diagrams, describe different methods of speed control of 
DC series motor. 

5.24 


10. 

What is meant by braking of DC motors? Describe, briefly, the various methods 
of braking of DC shunt motors. 

5.25 


11. 

What is regenerative braking? Why it cannot be accomplished with a series 
wound DC motor without modifications in the circuit diagram? Give merits 
and demerits? 

5.26.3 

III 





1. 

What are the various losses occurring in rotating machines? Mention the method 
to reduce them. 

5.27 


2. 

Describe all types of losses in a shunt and compound wound motor. State which 
comprise constant loss. 

5.27, 5.28 


3. 

Draw a power flow diagram of a DC motor and define commercial, mechanical 
and electrical efficiency of a motor. 

5.30, 5.31 


4. 

What are various losses in a DC machine? How the efficiency is estimated? 
Write the condition for maximum efficiency. 

5.27, 5.32 


5. 

What are the various tests performed on a DC Machine? Explain any two. 

5.33,5.34 


6. 

Explain why Swinburne’s test cannot be used to determine the efficiency of DC 
series machines. 

5.35 


7. 

Explain the Hopkinson Test of DC machine in details with the help of connection 
diagram. 

5.36 


8. 

What is Hopkinson test? Draw a diagram and explain the procedure of Hopkinson 
test. 

5.36 


9. 

Classify various losses in a DC machine and indicate the factors on which these 
depend. Explain the regenerative method of determining the efficiency of a DC 
machine. List the merits and demerits of the method. 

5.27,5.36 


10. 

With a neat circuit diagram discuss how the efficiency of DC series motors can 
be determined, by conducting field’s test. 

5.37 

Chapter 6 

1 





1. 

Define and explain the working principle of a synchronous machine working as 
(/) a generator, (/7) a motor. 

6.2 




Open Book Questions 


942 


Test Questions 

Refer Art. No. 


2. 

How an alternating emf is generated by an alternates? How will you relate speed 
and frequency in a synchronous machine? 

6.4 and 6.5 


3. 

Explain the working of a brushless excitation system. 

6.8.3 

II 





1. 

Explain what do you mean by concentric (or spiral), lap and wave winding used 
in the armature of an alternator. 

6.10 


2. 

What are the different types of armature winding used in the alternators? 

6.10 


3. 

Define and explain the following terms: 

(i) Electrical and Mechanical angle (ii) Single-turn and multi-turn coil 
(iii) Coil-span (iv) Pole-pitch and coil-pitch (v) slot pitch. 

6.11 

III 





1. 

Define and explain coil span factor and derive a relation for this factor. 

6.12 


2. 

Define and explain distribution factor for a distributed armature winding. Derive 
the necessary relation. 

6.13 


3. 

Derive emf equation of an alternator. 

6.15 

IV 





1. 

How leakage reactance develops in the armature of an alternator and what is 
its significance? 

6.25 


2. 

What is synchronous impedance? Draw an equivalent circuit of an alternator 
and simplify it. 

6.28 and 6.29 


3. 

Draw a phasor diagram of an alternator and derive a relation between terminal 
voltage and induced emf at no-load for a capacitive load. 

6.30 


4. 

What are the different methods of determining voltage regulation of an 
alternator? Explain synchronous impedance method or emf method. 


V 





1. 

What assumptions are made while determining voltage regulation of an alternator 
by synchronous impedance method? 

6.36 


2. 

How will you plot open circuit characteristics of an alternator?. 

6.33.1 


3. 

Describe mmf method for determining voltage regulation of an alternator. 

6.37 

VI 





1. 

Derive a relation for the power output of a non-salient pole type of alternator. 

6.39.1 


2. 

Derive a relation for the reactive power output of an AC generator. 

6.39.3 


3. 

Derive a relation for the reactive power input to an AC generator. 

6.39.6 


4. 

Explain two reaction theory for salient pole synchronous generators. 

6.40 


5. 

Describe the slip test method for determining Xc/and Xq of synchronous 
machines. 

6.40.1 
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6. 

Derive an expression for power deveioped by a saiient poie aiternator deiivering 
power at iagging p.f. negiecting the effect of armature resistance. 

6.41.1 

VII 





1. 

What do you mean by transient in aiternators? Draw and expiain the wave-shapes 
of the transient currents. 

6.43 


2. 

Expiain what are the various iosses which way occur in synchronous machines? 

6.44 


3. 

Why synchronous machines are cooied? Expiain the methods by which these 
machines are cooied down? 

6.46 and 6.47 

Chapter? 


1 




1. 

What is the necessity of connecting the aiternators is paraiiei? What conditions 
are required to be fuifiiied for successfui paraiiei operation of aiternators? 

7.1 and 7 .3 


2. 

if the terminai voitage of incoming aiternator is more than the terminai voitage 
of existing aiternator connected to the bus-bars to which incoming aiternator is 
connected, what wouid you expect? How the terminai voitage of the incoming 
aiternator is adjusted. 

7.4 


3. 

Expiain one-dark and two-bright iamp method of synchronising of two 3-phase 
aiternators. 

7.6 


4. 

Discuss the use of synchroscope in synchronising the aiternators. 

7.7 


5. 

What steps are taken whiie disconnecting an aiternator from the bus-bars? 

7.8 

II 





1. 

What do you mean by synchronising current, power and torque? What are the 
factors on which these depend? 

7.11 


2. 

What wiii be the effect of change in excitation of one of the aiternator which is 
running in paraiiei with another aiternator? 

7.13 


3. 

How do governors characteristics effect the ioad sharing of aiternators operating 
in paraiiei? 

7.15 

Chapter 8 

1 





1. 

Discuss oniy a synchronous motor is not seif-starting. 

8.1 


2. 

Draw the equivaient circuit of a synchronous motor and derive the commoniy used 
expression for the power deveioped by a synchronous motor. 

8.3 and 8.7 

II 





1. 

Expiain hunting phenomenon in synchronous machines. Why it is objectionabie? 
What are its causes and how can it be reduced? 

8.17 


2. 

What is synchronous condenser? What are the practicai benefits of using one? 

8.15 


3. 

Write short notes on hunting. 

8.17 
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4. 

Write short note on V-curves and inverted V-curves. 

8.12 

Chapter 9 

1 





1. 

Expiain the construction of 3-phase squirrei cage induction motor. 

9.1 


2. 

The rotor of an inductor motor is skewed, why? 

9.1 


3. 

An induction motor is aiso caiied asynchronous motor, why? 

9.1 


4. 

Can an induction motor run at synchronous speed, state why? 

9.3 


5. 

Expiain the principie of working of a three-phase induction motor and give the 
expression of percentage siip. 

9.3 


6. 

Derive the reiationship between the frequency of rotor currents and suppiy 
frequency in case of a 3-phase induction motor. 

9.5 


7. 

Draw the rotor equivaient circuit of an induction motor and simpiify it. 

9.13 

II 





1. 

Draw the stator equivaient circuit and phasor diagram of an induction motor. 

9.15 


2. 

Why the power factor of an induction motor is iow at iight ioads than fuii-ioad. 

9.18 


3. 

List the different types of iosses in an induction motor. 

9.19 


4. 

Derive an expression for the rotor copper ioss in terms of siip and input to the 
rotor. 

9.21 

III 





1. 

Obtain an expression for torque under running condition, for a 3-phase induction 
motor and then deduce the condition for maximum torque. 

9.23 and 9.24 


2. 

Derive the simpiified equation for torque for an induction motor. 

9.23 


3. 

Draw and expiain the siip-torque characteristics of a 3-phase siip ring induction 
motor. Mark on it starting and maximum torque. 

9.29 


4. 

Expiain briefiy the effect of increasing the rotor resistance of an induction motor 
on (/) Starting torque (//) Running torque. 

9.31 

IV 





1. 

Expiain how stator resistance test and voitage ratio test is performed on a 
3-phase induction motor. 

9.33.1 and 
9.33.2 


2. 

How biocked- rotor test is performed on a 3-phase induction motor? What 
information do we get from this test? 

9.33.4 


3. 

Draw equivaient circuit and phasor diagram of a 3-phase induction motor. 

9.34 


4. 

Derive a reiation for maximum power output. 

9.36 


5. 

Describe the circie diagram for the approximate equivaient circuit of an induction 
motor. 

9.38 


6. 

What resuits can be obtained from the circie diagram of an induction motor. 

9.40 
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V 





1. 

Explain the phenomenon of cogging in a 3-phase induction motor. How can it 
be avoided? 

9.43.1 


2. 

Explain the phenomenon of cogging and crawling in squirrel cage induction 
motors. 

9.43.1 and 
9.43.2 


3. 

What is the effect of change in load on speed, power factor and efficiency of 
an induction motor 

9.44 


4. 

Explain with diagram the performance characteristics of an induction motor. 

9.44 


5. 

What do understand by high starting torque cage motors? 

9.46 


6. 

Describe double squirrel cage induction motor. 

9.46.2 


7. 

How will you distinguish the motor enclosures as per the guide-lines of NEMA? 

9.47 


8. 

What are the advantages and disadvantages of squirrel cage induction motors 
over phase-wound induction motors? 

9.49 


9. 

Mention some of the important applications of squirrel-cage and phase-wound 
induction motors. 

9.50 


10. 

Compare relative advantages of cage rotor type induction motor and wound 
rotor type induction motor. 

9.49 


11. 

Compare cage and wound type induction motors. 

9.51 


12. 

Compare a squirrel cage motor with a slip ring induction motor with reference 
to construction, performance and application. 

9.52 

Chapter 10 

I 





1. 

What is the necessity of a starter? Explain the working of direct-on-line starter? 

10.1 


2. 

When a 3-phase squirrel cage induction motor is started by using a direct-on¬ 
line starter, show that ^ = f x 

hi \'fi J 

10.2.1 


3. 

When a 3-phase squirrel cage induction motor is started by a stator resistance 
starter, show that (/) 4^ = and(//) - x\{h^ / l^/f x Sfi. Also mention 

the demerits of a stator resistance starter 

10.2.2 


4. 

Explain how a star-delta starter reduces the starting current to one third of its 
value if the motor is started directly on line. 

10.2.3 


5. 

Explain the working of an auto-transformer starter with the help of a neat 
sketch. Also explain why this starter is preferred over a star-delta starter to 
start induction motors of larger capacity. 

10.2.4 


6. 

Explain the working of a rotor resistance starter used to start 3-phase slip-ring 
induction motors. Why it is preferred over other starters used to start squirrel 
cage induction motors. 

10.3 
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II 





1. 

What are the various methods of speed control of 3-phase Induction motors? 
Explain any one method In detail. 

10.4and10.5.1 


2. 

Describe any two methods of speed control of 3-phase squirrel cage Induction 
motors. Also draw the torque speed curves. 

10.5 


3. 

Explain cascade method of speed control of 3-phase Induction motors. 

10.8 

Chapter 11 

I 





1. 

Prove that a single-phase AC supply produces two equal and opposite revolving 
fields when supplied to a 1-phase wound Induction motor. 

11.3 


2. 

Show that starting torque produced In a 1-phase Induction motor Is zero. 

11.4 


3. 

Develop an equivalent circuit of a single-phase Induction motor with the help 
of two-field revolving theory. 

11.5 


4. 

Show that a revolving field Is developed If 2-phase supply Is given to the stator 
of a 2-phase wound Induction motor. 

11.6 


5. 

Draw the circuit diagram of a chapacitor start Induction motor and explain Its 
working. 

11.9 

II 





1. 

Describe the constructional features and operating principle of a shaded polel- 
phase Induction motor. 

11.10 


2. 

Describe the performance characteristics and applications of a shaded-pole 
1-phase Induction motor. 

11.10 


3. 

How will you differentiate between a shaded-pole and reluctance start 1-phase 
Induction motors? 

11.10 and 
11.11 


4. 

Describe the constructional features and operating principle of a 1-phase 
reluctance motor. 

11.13 


5. 

What Is hysteresis motor? Explain Its construction and principle of operation. 

11.14 


6. 

Why series motors are not operated at no-load? 

11.15 

Chapter 12 

1 





1. 

Explain feedback control system with the help of a block diagram. 

12.1 


2. 

Explain the working of armature-controlled and field controlled DC servomotors. 
Why armature-controlled servomotors are preferred over field-controlled 
servomotors? 

12.4 


3. 

Explain how the speed of a Schrage motor Is controlled. 

12.6 
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II 





1. 

Explain the working of a brushless synchronous generator with the help of 
block diagram 

12.7 


2. 

Explain the construction and working of a brushless DC motor. 

12.10 


3. 

Explain the basic working principle of a stepper motor. 

12.11 


4. 

Explain the construction and working of a variable reluctance [VR] stepper motor 

12.11.2 

III 





1. 

Explain the construction and working principle of a linear Induction motor. 

12.12 


2. 

Explain the construction and working of a permanent magnet DC motor. 

12.13 


3. 

Explain the construction and working of a submersible pump motor. 

12.15 
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AC Series Motor or Commutator Motor, 885 

accelerate, 355 

Air gap leakage flux, 543 

alternator or synchronous generator, 501 

Applications of DC Motors, 409 

Armature Reaction in alternators, 544 

armature reaction, 349 

armature, 304 

Armature-controlled DC Servomotors, 895 
Asphalt, 315 

asynchronous machines, 722 
Auto-transformer Starter, 834 
auto-transformer, 195 
Auxiliary Motor, 706 

Back emf, 397 
Back pitch, 313 
Back to back test, 167 
Back-end, 312 
Bearings, 307 
berry type transformer, 93 
Blocked Rotor Test, 769 
Boosters, 208 
brake horse power, 399 
Brake Test, 472 
breadth factor, 523 
Breather, 295 

Bright Lamp Method of Synchronising Single-phase 
Alternators, 631 
brush holder, 306 
Brushless DC Motors, 907 
Brushless Excitation System, 511 
Buchholz Relay, 295 
Bushings, 89 

Capacitor Motors, 875 

Capacitor run motors (fan motors), 876 


Capacitor start and capacitor run motors, 876 
Capacitor start motors, 875 
centre-tap primary, 275 
Characteristics of DC Compound Motors 408 
Characteristics of DC Motors, 405 
Characteristics of DC Series Motors, 407 
Characteristics of DC Shunt Motors, 405 
chorded factor, 522 

Circle Diagram for an Induction Motor 782 

Circle Diagram, 781 

Class A Motors, 811 

Class B Motors, 811 

Class C Motors, 811 

Class D Motors, 812 

Class E Motors, 812 

Class F Motors, 813 

Closed-circuit cooling, 618 

co-efficient of coupling, 35 

coercive force, 23 

Cogging in 3-phase Induction Motors, 795 

coil span factor, 522 

Coil span or coil pitch, 313 

cold rolled grain oriented steel (CRGOS), 83 

commutating emf, 358 

commutation, 355 

Commutator Action, 308 

Commutator pitch, 313 

commutator segments, 309 

Commutator, 306 

compensating winding, 363 

Compound motor, 401 

Compound wound generators, 370 

Concentrated and distributed windings 513 

Condenser bushing, 90 

Condition for Maximum Efficiency, 146, 385 

Condition for Maximum Torque, 753 
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Conservator oil tank, 295 

Continuous Disc Winding, 86 

Cooling of Transformers, 291 

Core Material, 83 

Core-type Transformers, 93 

counter balancing current, 115 

Crawling in 3-phase Induction Motors 795 

Critical load resistance, 378 

Critical resistance, 378 

Cross magnetising ampere-tums, 352 

Cruciform core section, 84 

Cumulative compound motors, 402 

cumulatively compound wound generator, 371 

Damper winding, 507, 707 

Dark Lamp Method of Synchronising Single-phase 
Alternators, 629 

Dark Lamps Method of Synchronising Three-phase 
Alternators, 632 
DC Exciters, 509 
DC motor, 396 
DC Servomotors, 895 
Dd6 Delta-delta connection, 237 
DdO Delta-delta connection, 237 
dead short circuit, 183 
Deep Bar Cage Rotor Motors, 799 
Degree of Compounding, 380 
Degree of Re-entrant, 314 
Delta-Zigzag Connections, 241 
demagnetising turns ampere-tums, 352 
Determination of Relative Primary and Secondary 
Windings, 227 

Determination of Xd and Xq, 599, 
developed winding diagram, 320 
Differential compound motors, 402 
differentially compound wound generator, 371 
direct axis or d-axis, 598 
Direct load test, 552 
Direct on Line (D.O.L.) Starter, 829 
Dissimilarities in induction motor and transformer 
743 

Dissimilarities of magnetic and electric circuits, 6 

distribution factor, 523 

Distribution Transformers, 181 

Double Cage Induction Motor, 800 

Double or duplex lap winding, 316 

Drum Winding, 314 

dummy coils, 332 


Dyl Delta-Star Connections, 239 
Dyll Delta-Star Connections, 239 
dynamically induced emf, 31 

eddy current loss, 44 
eddy currents, 44 

Effect of Armature Reaction on emf of 
Alternator, 546 

Effect of Change in Excitation, 701 
Effect of Change in Load on a Synchronous 
Motor, 704 

Effect of Load on Synchronous Motor 667 

Effect of Rotor Resistance, 757 

Electric Braking, 451 

electro-magnetic induction, 28 

electromagnetic torque, 341 

Electro-mechanical energy conversion devices, 1 

End housings, 306 

End-connection leakage flux, 543 

Energy Efficient Motors, 926 

equalisers, 328 

equalising connections, 327 

equivalent reactance in transformers, 120 

Essential Features of Braking, 452 

Excitation Systems, 509 

exciting coil, 304 

exciting current, 104 

Exciting reactance, 104 

Exciting resistance, 104 

Faraday’s first law of electro-magnetic induction 29 
Faraday’s laws of electro-magnetic induction 29 
Faraday’s second law of electro-magnetic 
Faults in DC Machines, 492 
Feedback Control System, 893 
Ferrari’s principle, 539 
fibre glass tape, 315 
field test, 487 

Field-controlled DC Servomotors, 895 
flat compounded generator, 380 
Fleming’s Left Hand Rule, 56, 396 
Fleming’s Right Hand Rule, 30 
four-point starter, 414 
Frequency of Rotor Currents, 728 
friction and windage losses, 399 
Fringing, 8 
Front pitch, 313 
Front-end, 312 
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full pitch, 521 

Full pitched and short pitched windings 513 

Generator action, 72 
generator, 48 

Geometrical Neutral Axis (GNA), 349 
Governor’s Characteristics, 652 
Gramme-ring winding, 314 

harmonics., 104 
Heat Run Test, 770 
Helical Winding, 86 

Highest transmition voltage in India 750 kV, 224 

Hopkinson’s test, 479 

Hunting, 653 

HV windings, 83 

hysteresis loss, 23 

Hysteresis Motors, 884 

ideal transformer, 94 
lEC (International Electro-technical 
Commission), 228 

Impedance matching transformer, 181 
Indirect Method, 552 
Induction Generator, 920 
Induction Motor on No-Load, 740 
Induction, 30 

Inrush of Magnetising Current, 106 
Instrument Transformers, 181 
Interpoles, 361 
Inverted V-Curves, 704 
iron factor, 84 

iron losses or core losses or magnetic losses., 44 
Isolated Induction Generator, 921 
Isolation transformer, 181 

Kapp Regulation Diagram, 131 
Kramer System of Speed Control, 851 

laminations, 83 

Lap and Wave windings 514 

Lap winding, 305 

Leakage co-efficient or leakage factor 8 
leakage flux, 8 

leakage fluxes in transformers, 117 
Leatheroid, 315 
Lenz’s Law:, 30 

Linear Induction Motor (LIM), 915 
Load Sharing between Transformers, 184 
Load Sharing between Two Alternators 637 


Load Sharing, 255, 

Locked-rotor torque, 673 
LV windings, 83 

magnetic circuit, 3 

Magnetic field intensity, 4 

magnetic field, 2 

magnetic flux density, 4 

Magnetic flux, 4 

magnetic hysteresis., 22 

Magnetic Neutral Axis (MNA), 349 

magnetic saturation, 105 

magnetising component of current, 103 

magnetisation or B-H Curve, 21 

Magneto motive force (mmf), 4 

magnetostriction effect, 142 

Maintenance Schedule of induction motors 818 

Major insulation, 88 

Methods to make 1-phase induction motor self¬ 
starting, 870 
Minor Insulation, 88 
Motor action, 72 
Motor Enclosures, 808 
motor, 48 

mutual-inductance, 34 
Mutually induced emf, 33 

Nature of Field Produced in Single Phase Induction 
Motors, 859 

Necessity of a Starter, 829 
Necessity of Starter for a DC Motor, 411 
NEMA (National Electrical Manufacturers 
Association), 808 
No Load Test, 767 
Non-Salient pole type rotor, 505 
No-volt relay, 830 
NVRC.(no volt release coil), 413 

Off Load Tap-changer, 267 
OLRC(over load release coil), 413 
On-load Tap-changer, 267 
Open circuit test, 553 
Open-circuit cooling, 618 
Operating Region, 757 
Oscillating neutral, 235 
overload relay, 830 

parallel magnetic circuit., 7 
Parallel Operation of Alternators, 626 
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Parallel operation of two three-phase 
transformers, 252 
percentage impedance, 183 
Performance Curves of Induction Motors, 796 
Permanent Magnet DC Motors, 917 
Permanent-magnet (pm) Stepper Motor, 909 
Permanent-magnet Armature-controlled DC 
Servomotor, 896 
Permeability, 4 
Permeance, 4 
Phase spread, 516 
Phase wound rotor, 723 
Phasor Diagrams of Salient-pole Synchronous 
Motor, 678 
pitch factor, 522 
Plugging, 453 
Polarity Check, 183 

Polarity of 3-phase Transformer Windings, 227 
Polarity Test on transformers, , 158 
Pole pitch, 313 
pole shoe, 304 

Porcelain bushing (oil filled), 90 
Potier Method., 559 
Potier Regulation Diagram, 580 
Power Developed by Cylindrical Synchronous 
Generators, 592 

Power Developed in a Salient-pole Synchronous 
Motor, 679 

Power Developed in a Synchronous Motor, 673 
Power Factor Control by Changing the Brush 
Position, 902 

power flow diagram for a DC generator, 462 
power flow diagram for a DC motor, 462 
Power Flow Diagram of Induction Motor 744 
Power flow in generator action, 70 
Power flow in motor action, 71 
Power Transformers, 181 
primary winding, 82 
principle of a transformer, 82 
Production of Revolving Field, 724 
Production of Sinusoidal Alternating emf 503 
Pull-in torque, 673 
Pull-out torque, 673 

quadrature axis or q-axis, 598 

Rating of Alternators, 542 
Regenerative braking., 455 


Regenerative test, 167 
Reluctance Motors, 882 
Reluctance Start Motor, 880 
Reluctance, 4 
Reluctivity, 5 
residual magnetism, 23 
Resultant pitch, 313 
retarded, 355 
retentivity, 23 

Reversal of Direction of Rotation, 726 
revolving field, 535 
ring diagram, 322 

Rotating Magnetic Field from 2-phase Supply, 866 

Rotor efficiency, 745 

Rotor Impedance, 731 

Rotor Power Factor, 731 

Rotor Reactance, 730 

Rotor Resistance Starter for Slip Ring Induction 
Motors, 836 
Running Torque, 673 

Salient pole type rotor, 505 

sandwiched winding, 88 

Scherbins System of Speed Control, 851 

Schrage motor, 898 

Scott connections, 275 

secondary winding., 82 

Self induced emf, 33 

self inductance or inductance, 34 

self-starting, 666 

Separately excited DC motors:, 401 
series magnetic circuit., 6 
series motor starter, 422 
Series motor, 401 

Series Split-field DC Servomotors, 896 
Series wound generators, 370 
Servomechanism, 894 
Servomotors, 894 
Shaded Pole Motor, 879 
Shaded-pole AC Servomotor, 897 
Shell type Transformers, 93 
Shifting of Load, 636 
Short circuit test, 553 
short pitched, 521 
short-circuit ratio (SCR), 556 
Shunt motors, 401 
Shunt wound generators, 369 
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Significance of air-gap in synchronous 
machines, 509 

silicon impregnated insulation, 315 

Similarities in induction motor and transformer 742 

Similarities of magnetic and electric circuits, 5 

Simplex lap winding, 316 

simplex wave winding, 330 

Single layer and double layer windings 513 

Single-phase and poly-phase windings 513 

single-phase induction motors, 857 

Single-phase Synchronous Motors, 881 

slip rings, 307 

Slip speed, 727 

Slip, 727 

Slot leakage flux, 543 
Slot pitch, 515 
Slot pitch, 522 

Space Harmonies in induction motors 795 
special purpose machines, 893 
Special purpose transformer, 181 
Speed Control by Cascade Method, 848 
Speed Control by Changing the Brush Position, 901 
Speed Control by Changing the Poles, 847 
Speed Control by Changing the Slip, 845 
Speed Control by Changing the Supply 
Frequency, 847 

Speed Control by Injecting an emf in the Rotor 
Circuit, 850 

Speed Control of Induction Motors, 844 
speed of a DC motor, 428 
speed of DC series motors, 440 
speed regulation of a DC motor, 432 
Spider, 506 

Spiral winding diagram, 321 
Spiral Winding, 85 
Split Phase Motors, 871 
split ring, 308 
Squirrel cage rotor, 723 

Stabilization Provided by Tertiary Winding in Star- 
star Transformer, 260 
Star-Delta Starter, 832 
Starting Methods of Squirrel Cage Induction 
Motors, 829 
Starting Torque, 754 
Star-Zigzag Connections, 242 
statically induced emf, 33 
Static-Excitation System, 510 


Stator core:, 722 

Stator Resistance (or Reactance) Starter 831 

Stator Resistance Test, 766 

Stator winding, 722 

step down transformer, 80 

step up transformer, 80 

Stepper Motors, 908 

Stray losses, 384 

Submersible Pumps and Motors, 922 
Subtractive Polarity, 205 
Sub-transient, 613 
Sumpner’s test, 167 

Suppression of Harmonics in alternators 526 
Swinburne’s test, 474 
Switched Reluctance Motor (SRM), 914 
Synchronising Current, 647 
synchronising of alternators, 627 
Synchronising Power, 647 
Synchronising Torque, 647 
synchronous capacitor, 707 
Synchronous impedance, 548 
synchronous motor, 665 
Synchronous reactance, 548 
Synchroscope, 635 

Tap Changers, 265 

teaser transformer, 275 

Tertiary Winding, 257 

Testing of DC series machines, 487 

Testing transformers, 181 

Tests Performed on an Induction Motor, 766 

third-harmonic, 105 

Three phase induction motors, 722 

Three-phase Rotating Magnetic Field 541 

Three-phase Transformer Connections, 229 

Three-point Shunt Motor Starter, 413 

torque angle, 51 

Torque Produced by 1-phase Induction Motor, 860 

Torque-slip Curve, 756 

Transformation ratio, 82 

transformer core, 83 

Transformer efficiency, 145 

transformer on no-load, 103 

Transformer, 80 

Transients in Alternators, 611 

Triple or triplex lap winding, 317 

T-T connections, 275 
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Two Bright and One Dark Lamp Method of 

Synchronising Three-phase Alternators 633 
Two-phase AC Servomotors, 897 
Two-phase to Three-phase conversion, 277 
Two-Reactance Concept for Salient Pole 
Synchronous Machines, 597 
Two-Reaction Concept, 600 

Universal Motor, 886 
useful flux, 8 

Variable-reluctance fvr) Stepper Motor, 912 
V-Curves, 703 

Vee-Vee or open delta connections, 270 


voltage regulation, 551 
Voltage-ratio Test, 766 

Ward-Leonard system, 431 
Wave winding, 305 
winding factor., 524 
working component of current, 103 

Ydl Star-Delta Connections, 238 
Ydl 1 Star-Delta Connections, 238 
Yoke, 303 

YyO Star-star connection, 234 
Yy6 Star-star connection, 234 

Zero Power Factor Method, 559 



